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A b s t r a c t
PROPERTIES OF ASPHALT MIXTURES CONTAINING R A P
by
Aaron M. Lachance 
University of New Hampshire, December, 2006
As the space available in landfills and the amount of high quality virgin aggregate has 
declined, the use of recycled asphalt pavement (RAP) in new asphaltic concrete mixtures 
has become common. This research examines how RAP affects virgin mixtures. A 
Superpave 19 mm mixture containing 0% RAP is used as the control for evaluating 
properties of mixes containing 15%, 25%, and 40% RAP. Volumetric analyses identified 
increases in both voids in the mineral aggregate (VMA) and voids filled with asphalt 
(VFA) at the 25% and 40% RAP levels, and that the amount of pre-heating of RAP prior 
to mixing influenced volumetric properties. Mechanistic testing showed the 15% RAP 
mixture to behave more stiffly than the control, equating to increased resistance to rutting 
and fatigue cracking in service. The 25% and 40% mixtures exhibited mechanistic 
testing results similar to the control mixture, which is attributed to a combination of 
grading, higher binder content, and increased VMA and VFA.
xii
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C h a p t e r  1
In t r o d u c t io n
1.1 -  BACKGROUND OF RESEARCH
The use of recycled asphalt pavement (RAP) material is increasing as local, state and 
federal transportation agencies make more efficient use of their resources. RAP material 
is generated when old, damaged pavement materials are milled and crushed for addition 
as a component to new mixtures placed in the pavement structure. Historically, old 
pavement material was removed and disposed of in landfills. As landfilling these 
materials has become less practical and more expensive and the availability of quality 
virgin materials declines, the addition of RAP to pavement mixtures has become more 
and more prevalent. Recycling of pavement material can be done as an in-place process 
or a central plant process. The in-place process combines the reclamation, mixing, 
laydown, and compaction procedures into a single paving train in the field. In-place 
recycled materials are typically used for base or binder courses and are typically overlaid 
with a surface course. The central plant process involves stockpiling RAP at the asphalt 
plant, which is then mixed with virgin materials at the plant and trucked to the 
construction site for laydown and compaction. The state of New Hampshire currently 
allows up to 35-50% RAP material to be used in base or binder courses and up to 15% 
RAP in surface courses.
1
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The addition of RAP to an asphalt mixture changes the mechanistic properties 
(i.e., strength, durability) of the mixture and affects its performance (i.e., resistance to 
cracking and deformation) in the field. The mechanistic properties change as a result of 
the aged binder introduced to the mixture as part of the RAP. The binder in the RAP will 
have a different chemical composition and different properties than the virgin binder 
added during the mixing process. These two binders will mix to some extent, changing 
the properties of the mixture containing RAP from one that contains only virgin material. 
The properties of the aggregate in the RAP will also affect the final mixture properties, 
particularly if the aggregate is different from the virgin aggregate used in the mixture. As 
the pavement industry moves towards more mechanistic based pavement design and 
analysis methods such as the American Association of State Highway and Transportation 
Officials (AASHTO) Mechanistic-Empirical Pavement Design Guide (MEPDG) and 
proposed Simple Performance Test, it is essential to evaluate the effect of RAP on the 
properties of asphalt mixtures. Understanding and being able to quantify the impact of 
the addition of RAP will lead to the use of RAP in larger quantities, creating mixtures 
that exhibit properties that approach more closely the threshold of their respective design 
requirements.
The Recycled Materials Resource Center (RMRC) provided the funding 
necessary to perform this research. The RMRC, established within the Environmental 
Research Group at the University of New Hampshire, is a national center that promotes 
the beneficial use of secondary materials for highway applications. This research works 
to encourage the use of recycled materials through material specific research, which is a 
primary mission of the RMRC.
2
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1.2 -  OBJECTIVES OF RESEARCH
The objective of this research is to determine the effect of including RAP on the overall 
properties of the asphalt concrete mixture. To accomplish this, properties of a control 
mixture (0% RAP) are compared with mixtures containing varying percentages of RAP. 
Rheological properties such as dynamic modulus and creep compliance are evaluated as a 
function of testing time or frequency and temperature to develop master curves. These 
rheological properties are needed as input parameters for the AASHTO MEPDG. The 
creep flow time, a proposed Simple Performance Test parameter, is also measured. 
Chapter 2 of this work discusses the current state of research in order to better explain the 
approach taken in this project. The materials used, the mix designs for each mixture, 
specimen fabrication, laboratory setup and a basic testing overview are presented in 
Chapter 3. Chapter 4 discusses the testing performed and the data analysis required to 
interpret the test results. Chapter 5 provides the results obtained from testing and 
analysis, and includes a discussion of these results. Chapter 6 presents conclusions and 
recommendations for future research.
3
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C h a p t e r  2
L it e r a t u r e  R e v ie w
2.1 -  STATE OF RESEARCH
Significant research has been completed in recent years regarding the use of recycled 
asphalt pavement. Research regarding RAP is performed in several areas, including 
research focused on asphalt binder properties and aging, RAP mineral aggregate grading 
and physical properties, the incorporation of RAP into Superpave mixtures, and overall 
mixture performance as a function of the addition of RAP.
Useful research has been performed focusing on the effect of RAP binder on the 
properties of the final blended mixture binder. A project performed by a University of 
Rhode Island research team for the Rhode Island Department of Transportation (1) 
investigated the permanent deformation and crack resistance of two types of virgin binder 
blended with varying amounts of RAP binders. This research found that the addition of 
RAP binder generally increased the blended binder’s resistance to permanent 
deformation, as well as increased its compressive strength and stiffness while reducing its 
ductility.
Another research project performed by the University of Connecticut (2) 
investigated determining the correct virgin binder grade to use when RAP is introduced. 
This research noted that complete blending of the virgin and RAP binder may not occur
4
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due to clumping of the RAP during mixing. These clumps inhibit full blending by acting 
as aggregate particles, becoming coated in binder with the RAP binder becoming trapped 
inside the clump. Therefore, simply extracting the binder from the RAP and mixing it 
with the virgin binder is not an accurate means of determining blended binder properties. 
The blending that occurs is a function of mixture procedure, and this must be carefully 
considered when producing test specimens.
Results of a study comparing the performance of roads made with RAP mixes to 
pavements built with all-virgin materials were presented by the Virginia Department of 
Transportation in 1999 (3). Though RAP has been widely used in roadways throughout 
the country with good performance, few studies have been performed on these roadways 
in attempt to quantify the performance of roadways built with RAP. This study 
concluded that, generally, good-to-excellent performance was observed for RAP mixes in 
Connecticut, Florida, Georgia, Louisiana, Massachusetts, and Washington. The use of 
reclaimed asphalt also saved money in the subject projects: using 10-25% RAP saved up 
to 26% in Florida and 30% in one Federal Highway Administration study. This project 
also showed high percentages of RAP (exceeding 25%) can produce mixes of unusually 
high stiffness. Pavements made with such mixes can experience more fatigue and 
transverse cracking than conventional mixes and can require more maintenance.
A major study involving RAP was performed by the National Cooperative 
Highway Research Program (NCHRP) under the NCHRP 9-12 program, Incorporation o f  
Reclaimed Asphalt Pavement in the Superpave System. The research conducted under 
this program is summarized in the Contractor’s Final Report released in October 2000, 
Recommended Use o f Reclaimed Asphalt Pavement in the Superpave Mix Design
5
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Method (4). Three separate but related studies were performed as a part of this research: 
an investigation into whether the binder from the RAP blends with the virgin binder, or 
rather acts like a “black rock”, not contributing binder to the mixture; a study of the 
issues related to RAP binder testing such as the procedures for extraction and recovery 
and the effect of RAP content and stiffness on blended binder properties; and a final 
study of the effect of RAP on the total mixture properties, quantified by mechanistic 
testing. The research concluded that RAP does not act like a black rock, but rather 
changes the composition of the mixture binder. Mechanistic testing supports the 
conclusion that RAP may be added up to a certain threshold (10 to 20% depending on 
RAP binder stiffness) with negligible effects.
Another important contribution of NCHRP 9-12 is the guidance provided 
regarding Superpave mix design and binder grade selection for mixtures with RAP. RAP 
aggregate is to be treated as virgin aggregate, and all grading requirements apply. For 
mixtures with 10 to 20 percent RAP, the extraction, recovery and testing of the RAP 
binder is not necessary for selection of the mixture binder grade; virgin binder grade is 
selected according to the Superpave mix design procedure. Mix designs with 
intermediate quantities of RAP require the virgin binder to be dropped one grade, and 
mixtures with high amounts of RAP require determination of the RAP binder grade 
which is used with blending charts for determining virgin binder grade. Thresholds for 
“intermediate” and “high” RAP quantities are defined as a function of the recommended 
virgin asphalt binder grade and the recovered RAP binder grade.
More recent literature has been published concurrently with the undertaking of 
this research project. The fatigue resistance of surface mixtures with RAP was
6
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investigated by The University of Tennessee (UT) (7) and presented at the 2004 TRB 
annual meeting. A laboratory study was performed evaluating the use of RAP in varying 
percentages in a typical Tennessee surface mixture. Mechanistic testing performed 
included indirect tensile, semi-circular bending (SCB), and semi-circular notched fracture 
resistance. The UT study utilized one type of aggregate (limestone), a natural sand 
material, and different percentages of No. 4 sieve screened RAP material, which is very 
similar to the approach taken in this research. Results showed that the inclusion of RAP 
increased tensile strength, post-failure tenacity and mixture stiffness while decreasing 
viscosity characteristics. Results were most noticeable between the 0% RAP control 
mixture and the 20% RAP mixtures. Including RAP also increased the fatigue life as 
measured by SCB fatigue testing and improved mixtures’ resistance to fracture failure. 
Significant changes in fatigue cracking characteristics were noted at the 30% RAP level 
and the authors caution the use of RAP at this quantity. This research further supports 
the theory that RAP may minimally, and possibly positively, influence mixture behavior 
when added up to a certain threshold.
Another study, published after the completion of this research by the Minnesota 
Department of Transportation (8), investigated ten mixtures with two types of virgin 
asphalt cements and two types of RAP (processed RAP and RAP grindings) at contents 
of 0%, 20%, and 40%. The mixture gradings were held constant and followed Superpave 
procedure. The mixtures were subjected to dynamic modulus testing, indirect tensile 
creep testing and strength testing. Dynamic modulus testing showed that increasing the 
amount of RAP in a mixture increased the dynamic modulus and the variability in data 
between specimens. Indirect tensile creep testing showed increasing stiffness with the
7
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addition of RAP, but less stiff behavior than anticipated based on virgin binder grade at 
low temperatures. Binder extractions and subsequent binder testing showed increases in 
stiffness with the addition of RAP binder.
This past research shows that the crucial variables regarding the performance of 
mixtures with RAP are the aged RAP binder properties and the quantity of RAP in the 
mixture. Since the amount and nature of the blending of virgin and RAP binder are 
difficult to model and predict, focus for this research will be placed on following the 
mixture design procedure and field mixing practices utilized by the NHDOT and their 
paving contractors. Though this will not quantify binder blending, it should replicate 
well in the laboratory the method by which RAP is incorporated into the mixtures. Thus, 
the amount of blending in the laboratory produced mixtures should be similar to field or 
plant produced mixtures. Focus will then be placed on varying the amount of RAP in the 
mixtures and mechanistic testing to determine changes in mixture properties. The 
ultimate goal is to determine the threshold for which RAP may be added to without 
adversely effect mixture properties for producers, materials, and mixtures specific to 
NHDOT.
8
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C h a p t e r  3
M a t e r ia l s  a n d  M e t h o d
3.1 -  M a t e r i a l s
3.1.1 -  Determination o f Materials and Method
A meeting was held with the New Hampshire Department of Transportation (NHDOT) at 
the inception of this research project in order to gain insight into what types of materials 
and laboratory practices are currently being used in industry. The meeting attendees from 
the NHDOT Bureau of Materials and Research included Alan Rawson, the director of the 
Bureau, Bill Real (research supervisor), Glenn Roberts (research engineer), Denis Boivert 
(assistant research engineer), and Brian Kulacz (laboratory technician). Attendees from 
UNH included Dr. Jo Daniel, Erin Luckhardt (undergraduate researcher), and Aaron 
Lachance.
The main issues discussed at this meeting were the type and size of aggregate to 
use, the type(s) and percentages of RAP to use, the grade of virgin binder to use, and 
special laboratory procedures that should be followed with respect to using RAP. 
Members of the NHDOT suggested that a 19 mm binder course mix design should be 
followed, using a PG 58-28 binder. This grade of binder is used in all but the extreme 
northern portions of New Hampshire, and is used in most NHDOT mixes.
9
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In surface or wearing course mixtures, the NHDOT generally limits the use of 
RAP to 10% by weight. Larger quantities of RAP are allowed, however, in base course 
mixtures, where mixture variability and performance issues are less detrimental to the 
overall pavement performance. Regardless of the course, it is difficult to produce 
mixtures at a central mix plant using RAP quantities greater than approximately 25% 
because of emission issues. The unheated RAP is taken from stockpiles, and added to 
virgin aggregates that have already been dried and heated to mix temperature. When the 
RAP is superheated to mix temperature by the hot aggregate, any moisture in the RAP 
creates water vapor that must be controlled with plant emissions control equipment.
The research materials were acquired from Hooksett Crushed Stone in Hooksett, 
New Hampshire, a division of PIKE Industries. PIKE also provided a 15% nominal RAP 
Superpave mix design to be used as a baseline for all mixtures designed and tested in this 
project.
3.1.2 -  Virgin Aggregate
Two types of virgin aggregate were used in this research: a bank-run sand material and a 
blast rock (also known as trap rock) material. The aggregate was loaded into and 
transported in 55-gallon barrels, and stored for the duration of the project in these 
covered barrels to prevent contamination.
The bank-run sand material (designated by PIKE as “Fillmore”) is from a pit and 
requires no additional mechanical processing to create the desired grading. Table 3.1 
lists the grading of this material, and Figure 3.1 graphically represents this data.
10
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Table 3.1
G r a d in g  o f  B a n k -Ru n  v ir g in  A g g r e g a t e









Blast rock is aggregate created from blasting and processing bedrock. This 
material is crushed and sieved to create the desired grading. Within the designation of 
blast rock are several different aggregate blends, each having different grading. Washed 
machine sand (WMS) is created by separating and washing particles passing the #4 sieve. 
The result is grading that contains many particles in the #16 to #30 range, with very few 
fines. Stone dust is created essentially the same way as WMS, but the aggregate particles 
passing the #4 sieve are not washed. The 9.5mm, 12.5mm, and 19mm stockpiles are all 
aggregate blends composed primarily of the designated particle size. The grading of each 
of the blast rock virgin aggregates is shown in Table 3.2, and graphically represented in 
Figure 3.1.
11
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Table 3.2
GRADING OF BLAST ROCK VIRGIN AGGREGATE
Percent Passing for Each Stockpile
Sieve size (mm) WMS Dust 9.5mm 12.5mm 19mm
1” (25) 100 100 100 100 100
(19) 100 100 100 100 95
V2n (12.5) 100 100 100 97 23
3/8” (9.5) 100 100 100 50 5
#4 (4.75) 99 99 39 4 2
#8 (2.36) 76 78 8 3 2
#16(1.18) 49 55 5 2 2
#30 (0.6) 30 41 4 2 2
#50 (0.3) 17 29 3 2 2
#100 (0.15) 9 18 3 2 2
#200 (0.075) 4 9 2 1 1
The final type of virgin aggregate used is a blend of bank run sand and blast rock 
aggregate. The extremely fine material collected in the emission control system of the 
baghouse is reintroduced into the asphalt mixtures. This material has very fine grading, 
shown in Table 3.3, and is designated as “baghouse fines”.
Table 3.3
G r a d in g  o f  B a g h o u s e  f in e s




























0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Sieve Size 0.45 (mm)
 Fillmore - - - - WMS  Dust — *— Baghouse F in e s --------- 9.5mm — - - 12.5mm — — 19mm
Figure 3.1 0.45 POWER GRADING CHART FOR VIRGIN AGGREGATE MATERIALS
3.1.3 -  Processed RAP
Processed RAP is created from the reclamation of old roadways. Generally, its main 
constituent is recycled asphalt pavement, which may include original pavement materials, 
patches, chip seals, and other maintenance treatments. Processed RAP stockpiles often 
contain slight amounts of organic and deleterious materials such as Portland cement 
concrete, aluminum cans, wood scraps, and other organic and undesirable materials (5). 
The processed RAP used in this research has an asphalt content of 3.6%. Table 3.4 
shows the grading of the extracted processed RAP aggregate.
13
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Table 3.4
GRADING OF PROCESSED RA P










The binder grade of the asphalt cement in the processed RAP was determined at 
the NHDOT asphalt-testing laboratory specifically for this project. The binder was 
extracted from a representative sample of the RAP stockpile, and tested in accordance 
with the requirements for the Superpave grading system. The binder grade of the asphalt 
cement in the processed RAP is PG 94-14.
Fine aggregate angularity is a Superpave consensus aggregate property, meaning 
that there has been a general acceptance of its use and it is necessary to meet fine 
angularity requirements for the Superpave mix design. Quantified by determining the 
uncompacted void content of a sample with specific grading, Superpave specifies a 
minimum value for this property to ensure adequate internal friction among the fine 
aggregate particles and an overall mixture that will have good resistance to rutting. 
Superpave also specifies that AASHTO T304, Uncompacted Void Content o f Fine 
Aggregate, be used to determine the uncompacted void content. However, in this project 
testing of the extracted processed RAP aggregate (which was returned to UNH after 
extraction) was performed in accordance with ASTM C l252-98, Standard Test Methods 
for Uncompacted Void Content o f Fine Aggregate, Method A. The reason for this
14
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discrepancy is that the uncompacted void content aggregate tests performed by PIKE 
industries for the virgin materials were performed using the ASTM test method. To 
properly compare aggregates to each other, the test methods used to quantify their 
respective material properties must be identical. Table 3.5 lists the grading of the 
standard sample used in this test.
Table 3.5
GRADING OF STANDARD SAMPLE USED IN A S T M  C  1 2 5 2 - 9 8 ,
METHOD A
Individual Size Fraction Mass, g
2.36 mm (No. 8) to 1.18 mm (No. 16) 44
1.18 mm (No. 16) to 600 pm (No. 30) 57
600 pm (No. 30) to 300 pm (No. 50) 72
300 pm (No. 50) to 150 pm (No. 100) 17
Total Mass 190
3.1.4 -  Virgin Binder
The asphalt binder used in this research is a PG 58-28. The mixing temperature range for 
this binder is 150°C to 157°C, and the compaction temperature range is 137° C to 143° C.
3.2 -  DESIGN OF MIXTURES
3.2.1 -  Superpave Mix Design Procedure
All mixtures used in this research were designed using the Superpave mix design 
procedure. Superpave, an acronym for Superior Performing Asphalt Pavements, was a 
product of the Strategic Highway Research Program (SHRP) initiative. The Superpave 
mix design is a performance-based method, meaning that the tests and analyses 
incorporated into the design have direct relationships to the field performance of the
15
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mixture. AASHTO PP28-02, Standard Practice fo r  Superpave Volumetric Design for  
Hot-Mix Asphalt (HMA), is used as the mixture design standard for this research. This 
mix design procedure utilizes a Superpave gyratory compactor (SGC) which simulates 
the compaction method used in the field. A SGC continuously monitors the height of the 
specimen during compaction and records this information for use in the mix design 
process. Figure 3.2 shows the Servopac® SGC manufactured by IPC, Ltd. used for this 
research.
Figure 3.2 SUPERPAVE SERVOPAC GYRATORY COMPACTOR AND 
PC FOR DATA COLLECTION
A volumetric analysis of the specimens compacted during the mix design process
must be performed to ensure that the Superpave specifications are met. The volumetric
16
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properties of interest for a Superpave mix design include air voids in the mixture ( V a ) ,  
voids in the mineral aggregate (VMA), voids fdled with asphalt (VFA), and effective 
asphalt content ( P b e ) -  The Superpave mixture specifications for these properties are 
dictated by the traffic loading for which the pavement is designed. Mixtures used in this 
research are designed for traffic loading of 0.3 to 3.0 million equivalent single axle loads 
(ESALs) for a 20-year design life. This traffic level is the most common design lane 
traffic level used in New Hampshire and was selected such that the results from this 
testing will provide the most practical results to the NHDOT. The required volumetric 
parameters for the 0.3 to 3.0 million ESAL, 19 mm Superpave mix design for this project 
are presented in Table 3.6.
Table 3.6





(% of Theoretical 
Maximum Specific Gravity)





Filled With Asphalt 
(VFA)
(%)
Dust to Binder 
Ratio 
(DP)
N n itia l h i  design NiNmax
0.3 to < 3 <90.5 >96.0 <98.0 13.0 65-78 0 .6 -  1.2
The NHDOT has extensive experience with these materials, and it was known 
that the asphalt and aggregate met all Superpave criteria. Therefore, the mixture designs 
performed focused primarily on the selection of the design asphalt binder content. 
Selecting the design binder content involves creating multiple samples with varying 
percentages of binder. Based on the selected aggregate grading, binder properties, and 
estimated traffic loading of the design pavement, an initial trial binder content is 
calculated. Superpave requires that, at a minimum, two specimens each be mixed and
17
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compacted at the trial asphalt content, at 0.5% above and below, and at 1.0% above the 
trial asphalt content. The use of two specimens, minimum, at each asphalt content is 
necessary for statistical purposes; the data collected for the two specimens at any given 
asphalt content is averaged for the design analysis, provided the variability between the 
data recorded for each specimen is not too great. AASHTO PP28-02 does not specify a 
maximum allowable difference between replicate specimens, so the mixture designer 
must use engineering judgement concerning the quality of recorded data.
The loose mixtures are first short term oven aged for four hours at 135° C, and 
then compacted using the SGC to the appropriate number of gyrations. The initial trial 
binder content mixtures are compacted to the design level of 75 gyrations (Ndes), the 
Superpave standard for roadways experiencing 0.3 to <3.0 million ESALs. Table 3.7 
summarizes the basic mixing and compaction properties for the mixtures used in this
research.
Table 3.7
MIXING AND COMPACTION PARAMETER SUMMARY
Parameter Value
Asphalt Binder Grade PG 58-28
Initial Aggregate Drying Time and Temperature 8 Hr. @ 170°
Mixing Range for Asphalt Binder 150°- 157° C
Compaction Range for Asphalt Binder 137°. 143° C
Mixture Short Term Aging Time and Temperature 4 Hr. @ 135° C
Design Number of Gyrations, Ndes 75
Compaction Ram Pressure 600 kPa
Compaction Mold Diameter 150 mm
Compaction Rate 30 gyrations/minute
Compaction Angle 1.25°
18
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Compaction data, including specimen height as a function of the number of 
gyrations, must be recorded for each specimen. For this research, a personal computer 
connected to the SGC was used to both control the action of the SGC and record the 
necessary data at each gyration. The specimen height at each gyration is required to 
create densification curves that are subsequently used to create charts plotting air void 
content, VMA, and VFA versus asphalt content.
The bulk properties of the mixtures are also required to create the densification 
curves. The maximum theoretical specific gravity of a mixture, Gmm, is determined using 
loose, aged, uncompacted mix following AASHTO T 209-99, Standard Method o f Test 
for Theoretical Maximum Specific Gravity and Density o f Bituminous Paving Mixtures. 
For this test, three batches are mixed, aged, and then allowed to cool. During the cooling 
process, the mixture is intermittently stirred to ensure it remains loose. The required 
mass of the test sample is dependent upon the largest particle of aggregate in the mixture; 
for a mixture with a maximum particle size of 19 mm, the minimum sample size is
2000 g.
The bulk specific gravity, G m b ,  of each compacted specimen is determined in 
accordance with AASHTO T 166-93, Bulk Specific Gravity o f Compacted Bituminous 
Mixtures Using Saturated Surface-Dry Specimens. Both samples of a given binder 
content are massed dry, submerged using a specific gravity bench, and also in the 
saturated surface dry state. Using these three masses, the Gmb is calculated. As with 
compaction data, an average Gmb value is calculated from the two replicate specimens 
tested at each trial asphalt binder content and used in subsequent calculations.
19
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Once Gmb and Gmm values for each mixture type have been determined, the air void 
content of the specimens can be calculated and the densification curves created. 
Recalling that Gmm is the maximum density a specimen could achieve if it were to be 
compacted 100%, the ratio of a sample’s Gmb to its Gmm will determine its ratio of 
compaction. If a sample were to have its Gmb equal to its Gmm, that sample would be 
100% compacted and contain 0% air voids. Therefore,
r Gmm -  Gmb ^%AirVoids = 100 x (3.1)
Gmm
In the Superpave mix design, a 4.0% air void content is set as a target for 
determining the final asphalt content of the mixture. Plotting percent densification (i.e. % 
of Gmm) versus asphalt content for each of the four mixture conditions provides a graph 
representing mixture behavior as a function of changing the asphalt content. Through 
interpolation, the asphalt content at which 4.0% air voids is achieved after 75 gyrations 
can be determined and selected as the design asphalt content. Verification is also 
required to ensure this asphalt content provides values of VFA, VMA, and dust 
proportion (DP) that meet the appropriate Superpave criteria. Similar graphs are created 
individually plotting VFA, VMA, and DP versus asphalt content, and used to determine 
the expected values of these properties at the asphalt content that achieves 4.0% air voids.
3.2.2 -  Mix Design Variables
A mix design utilized by NHDOT containing 15% processed RAP was the starting point 
in the design of the remaining mixtures used in this research. The goal in designing each 
mixture was to achieve the desired quantity of RAP for each condition while holding the 
remainder of the mixture properties relatively constant. The properties that were
20
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considered included the blended virgin aggregate specific gravity and fine particle 
angularity as well as the overall grading of the entire mixture. To maintain the 
consistency of these properties, the relative proportion of each source of virgin aggregate 
(i.e. blast rock, bank run sand mixture components) was held constant for each mix 
design.
The quantity of bank run sand and baghouse fines material incorporated into each 
mix was determined through simple proportioning. The overall amount of blast rock was 
determined in the same manner, but the quantity required of each unique blast rock 
aggregate blend (i.e. WMS, unwashed sand, etc.) was selected such that the required 
grading would be met. The proportioning of these aggregate types was achieved through 
the use of the Solver function in Microsoft® Excel®.
The nominal maximum aggregate size (NMSA) for all four mixtures used in this 
research is 3A” (19 mm). Superpave grading control points and the restricted zone for a 
19mm mixture are shown in Table 3.8.
Table 3.8
S U P E R P A V E  GRADING CRITERIA FOR 1 9 . 0  MM NOMINAL MIXTURES









Restricted 1.18 22.3 28.3
Zone 0.600 16.7 20.7
0.300 13.7 13.7
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3.2.3 -  0% RAP Control Mixture Design
The grading for the 0% RAP control mixture was determined by removing the 15% 
nominal RAP (14.6% RAP specifically) from the initial design and proportionally 
increasing the amount of each available aggregate stockpile. As described earlier, the 
initial ratios of bank run sand and baghouse fines were held constant because each of the 
other stockpiled material sizes have the same origin (they are essentially the same 
stockpile separated into their respective particle sizes). The percentages of VC, 3/8”, 
WMS, and unwashed sand were adjusted to match the grading of the 15% processed RAP 
mixture. Figure 3.3 shows the resulting grading for the 0% RAP control mixture. As this 
figure shows, the design grading for this mixture does not violate either the Superpave 













0.0 1.0 2.0 3.0
Sieve Size 0 45 (mm)
4.0 5.0 6.0
♦ 0% RAP Gradation  Superpave Restricted Zone A  Superpave Control Points
Figure 3.3 0.45 POWER GRADING CHART FOR 0% RAP MIXTURE
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For the 0% RAP mix design, the trial asphalt binder content was found to be 
5.0%. Two 4500 g specimens were created for compaction at the trial asphalt binder 
content, as well as two at 0.5% above (5.5%), two at 0.5% below (4.5%), and two at 
1.0% above (6.0%) the trial asphalt binder content. The compaction data recorded for 
these specimens and a log plot of their respective densification curves are found in 
Appendix B.
Three 2000 g samples were mixed for maximum theoretical specific gravity 
(Gmm) testing, and volumetric testing was performed on the compacted specimens. 
Average mixture properties from the two test specimens at each condition and Gmm 
values for each mixture are found in Appendix B.
The volumetric properties are plotted as a function of the percent asphalt cement. 
From these plots (found in Appendix B), the asphalt content that corresponds to 4.0% air 
voids is found to be 4.8%, selected to the nearest 0.1%. The remaining volumetric 
properties are checked graphically to ensure they meet the Superpave criteria at the 
selected asphalt content. Results from this analysis for the 0% RAP mix design are 
summarized in Table 3.9.
Table 3.9
S U M M A R Y  OF R E S U L T S ,  0 %  R A P  M I X T U R E  D E S I G N
Mixture Property Result Superpave Criteria
Asphalt Binder Content 4.8% —
Air Void Content 4.0% 4.0%
VMA 13.4% 13.0% minimum
VFA 69.0% 65-75%
Dust Proportion 1.12 0.6-1.2
Percent Gmm @ Njnj 86.8% < 89%
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3.2.4-15%  Processed RAP Mixture
The grading for the 15% RAP mixture was provided by PIKE. Though this mix design 
was performed by PIKE, it was verified prior to testing to insure all mixtures would be 
designed in the same manner. Figure 3.4 shows the grading for the 15% RAP mixture. 
As this figure shows, the design grading for this mixture does not violate either the 














0.0 1.0 2.0 3.0
Sieve Size 045 (mm)
4.0 5.0 6.0
■ 15% RAP Gradation Superpave Restricted Zone A Superpave Control Points
Figure 3.4 0.45 POWER GRADING CHART FOR 15% RAP MIXTURE
For each RAP containing mixture, the amount of binder contributed by the RAP is 
considered directly in the mix design. The amount of binder the RAP provides to the 
mixture is a function of both the binder content of the RAP and the quantity of RAP in 
the mixture; multiplying the quantity of RAP to be used in a mixture by the binder 
content (3.6% for this research) yields the binder contributed to the mixture.
24
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A summary of the volumetric mixture properties determined for the 15% mixture 
design specimens is found in Appendix B, including a summary of the percent of 
maximum theoretical specific gravity for each condition with respect to number of 
gyrations.
A graphical representation of this data is also found in Appendix B, where percent 
of maximum theoretical gravity is plotted versus number of gyrations for each asphalt 
content.
The volumetric properties are plotted as a function of the percent asphalt cement 
in Appendix B. From this plot, the asphalt content that corresponds to 4.0% air voids is 
found to be 5.1%, selected to the nearest 0.1%. Volumetric properties interpolated from 
graphs in Appendix B for the 15% RAP mix design are summarized in Table 3.10.
Table 3.10
SUMMARY OF RESULTS, 1 5 %  R A P  MIXTURE DESIGN
Mixture Property Result Superpave Criteria
Asphalt Binder Content 5.1% ---
Air Void Content 4.0% 4.0%
VMA 13.5% 13.0% minimum
VFA 68.5% 65-75%
Dust Proportion 1.03 0.6-1.2
Percent Gmm (d); Nini 86.8% < 89%
3.2.5 -  25% Processed RAP Mixture
The grading for the 25% RAP control mixture was determined using the same method as 
was the 0% RAP control mixture. Using the 15% nominal RAP as a baseline, the amount 
of RAP was increased to 25% while percentages of %”, ‘A”, 3/8”, WMS, and unwashed 
sand were adjusted to meet the grading aim provided by PIKE for the 15% processed 
RAP mix. Figure 3.5 shows the grading for the 25% control mixture. As this figure
25
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shows, the design grading for this mixture does not violate either the Superpave control 
points or restricted zone.
100 .0%  -
90.0% -
l» 80.0% -
|  70.0% - 
£  60.0%- 
.5 50.0%- 
|  40.0%- 
g 30.0%-
S 20.0% -a.
10 .0%  - 
0 .0%  -
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Sieve Size0 45 (mm)
♦ 25% RAP Gradation Superpave Restricted Zone A Superpave Control Points
Figure 3.5 0.45 POWER GRADING CHART FOR 25% RAP MIXTURE
A summary of the volumetric mixture properties determined for the 25% mixture 
design conditions is found in Table 3.11. A summary of the percent of maximum 
theoretical specific gravity for each mixture design condition with respect to number of 
gyrations for each asphalt content, both in tabular and graphical forms, are found in 
Appendix B.
Table 3.11
S U M M A R Y  OF R E S U L T S ,  2 5 %  R A P  M I X T U R E  D E S I G N
Mixture Property Result Superpave Criteria
Asphalt Binder Content 5.4% —
Air Void Content 4.0% 4.0%
VMA 15.3% 13.0% minimum
VFA 73.8% 65-75%
Dust Proportion 0.88 0.6-1.2
Percent Gmm @ Njnj 87.2% < 89%
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3.2.6 -  40% Processed RAP Mixture
The grading for the 40% RAP control mixture, shown in Figure 3.6, was determined 
using the same method as was the 25% RAP mixture. The Superpave control points are 
not violated, but the grading does enter the restricted zone. This was impossible to 
prevent with the large amount of RAP added to this mixture. The RAP grading is heavy 
in the 4.75 mm (#4) to 0.6 mm (#30) range, with 62% of the grading retained on these 
sieves. The power grading (sieve size raised to 0.45) equivalent of these sieve sizes is 2.0 
and 0.8, respectively. It can be seen in Figure 3.6 that the restricted zone also falls within 
this range. Also, the proportion of blast rock and bank run aggregate was held constant, 
consistent with the other mixture designs. It may have been possible to prevent restricted 
zone violation by changing this ratio, but it was decided that doing this would have had a 
stronger influence on mixture performance than having the grading enter the restricted 
zone. Superpave describes the restricted zone as a band through which it is generally 
recommended that the grading not pass. However, intentionally “humping” the grading 
to avoid this zone can also cause adverse performance issues, including possibly creating 
an over-sanded, tender behaving mixture that exhibits compaction problems and reduced 
resistance to rutting. Superpave acknowledges that some mixtures with grading passing 
through the restricted zone have performed satisfactorily in the field and advises 
experience or testing be used to evaluate the effect of the aggregate structure on these 
mixtures (9).
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 ♦■■■ 40% RAP Gradation ——- Superpave Restricted Zone A Superpave Control Points
Figure 3.6 0.45 POWER GRADING CHART FOR 40% RAP MIXTURE
Table 3.12
SUMMARY OF RESULTS, 40%  R A P MIXTURE DESIGN
Mixture Property Result Superpave Criteria
Asphalt Binder Content 4.9% ---
Air Void Content 4.0% 4.0%
VMA 14.5% 13.0% minimum
VFA 74.7% 65-75%
Dust Proportion 0.96 0.6-1.2
Percent Gmm @ Nini 88.2% < 89%
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3.2.7 -  Mix Design Summary
A graphical comparison of the grading for the four mixtures is presented in the 0.45 
power grading chart found in Figure 3.7. It can be seen that the gradings are very similar 
from the #4 (4.75 mm) sieve and larger. At sieve sizes smaller than this, the gradings 
become incrementally finer with the inclusion of RAP and tend toward the restricted 
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 0% RAP .......... 15% RAP - 25% RAP 40% RAP ■ Restricted Zone
Figure 3.7 0.45 POWER GRADING CHART FOR ALL MIXTURES
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Table 3.13 summarizes the volumetric properties for each mixture design. It can 
be seen that the 25% mixture has the highest asphalt content at 5.4%, and consequently 
the highest VFA and VMA values of all the mixtures. Higher VMA values are indicative 
of mixtures with high void space between the aggregate particles of a compacted paving 
mixture (including voids filled with asphalt binder). The higher a mixture’s VMA, the 
less direct aggregate interaction it will have, and therefore the more the mixture will rely 
on the asphalt binder for strength.
Table 3.13
MIXTURE DESIGN PARAMETERS SUMMARY
Mixture Type % ac Gmm VMA VFA DP
0% RAP 4.8 2.451 13.4 69.0 1.12
15% RAP 5.1 2.483 13.5 68.5 1.03
25% RAP 5.4 2.445 15.3 73.8 0.88
40% RAP 4.9 2.466 14.5 74.7 0.96
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3.3 -  LABORATORY SETUP AND EQUIPMENT FABRICATION
3.3.1 -  Coring Rig Setup
The actual test specimens are cored from the center of the 150mm SGC compacted 
specimens to produce a specimen with consistent air void distribution throughout the 
cross section. SGC compacted specimens have higher air void contents near the surfaces 
where the specimen contacts the SGC mold, creating variability in the volumetric 
properties of the sample. A water lubricated coring rig, mounted to an approximately 4’ 
long double-channel section of steel, was used in this project, as shown in Figure 3.8.
The channels are back to back, but separated by approximately 10” (held together by 
steel plates welded to the top and bottom flanges). This geometry allows adequate room 
for an asphalt sample to be held between the channels. The coring rig was mounted to 
the top of this section, and angle-iron support brackets were used with threaded rod to 
hold samples in place while they are cored. A dummy specimen supports the bottom of 
the specimen being cored to prevent the bottom of the cored specimen from blowing out 
as the core barrel exits the specimen.
This coring rig apparatus ensures that cores are extracted from as close to the 
center of compacted samples as possible with accuracy that can be reproduced on each 
specimen. Each specimen that is placed into this setup will be cored in exactly the same 
location, with the core barrel spaced evenly from its perimeter. The sample is held 
parallel with the core barrel to ensure the vertical axis of the core and the vertical axis of 
the sample are identical. Coring with this setup saves time and effort. Each sample can 
be quickly and easily loaded into the apparatus, tightened up with the turn of two nuts, 
and cored within 10 minutes.
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Figure 3.8 CORING RIG CONSTRUCTED TO HOLD SAMPLES DURING CORING
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Figure 3.9 ORIGINAL COMPACTED SPECIMEN (LEFT) AND SAMPLE CORE (RIGHT)
3.3.2-W e t Saw Jig
An apparatus was constructed to secure cored samples during end cutting. The cutting of 
sample ends is necessary to create specimens with a uniform air void distributions in the 
vertical direction by removing the high air void areas of the sample near either end where 
the sample contacts the SGC mold. The sample-securing apparatus was necessary to 
ensure that specimen ends would be cut perpendicular to the length of the sample and 
parallel to each other. A picture of this device and the wet saw used for cutting all test 
specimens is found in Figure 3.10.
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Figure 3.10 CUTTING APPARATUS CONSTRUCTED FOR CUTTING SAMPLES,
MOUNTED TO WET SAW
3.3.3 -  Instron® Load Frame
All mechanical testing performed for this research was conducted using a closed-loop 
servo-hydraulic system manufactured by Instron®. This system is comprised of a loading 
frame (model 8800), an actuator, a load cell, a control tower, an environmental chamber 
and a personal computer. The load cell on this system is capable of measuring loads up 
to 5,000 lb. A diagram of this system (excluding the control tower and personal 
computer) is found in Figure 3.11. Note the load cell is located on the upper crosshead, 
while the actuator applies load via the bottom ram. Figure 3.12 shows a photograph of 
the entire test setup.
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Figure 3.11 INSTRON® TESTING APPARATUS
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Figure 3.12 MECHANISTIC TESTING EQUIPMENT SETUP
3.3.4 -  Ram Extensions and Compressive Platens
The Instron® 8800 load frame setup required extensions so that testing could be 
performed within the environmental chamber. Additionally, compressive testing platens 
were designed and fabricated along with these extension rams. A photograph of the 
platens and extensions is found in Figure 3.13, and the design drawings for this 
equipment are shown in Figure 3.14. Both the extension rams and compressive platens 
were fabricated using T303 stainless steel to avoid corrosion that could form due to 
condensation in the environmental chamber from low temperature testing.
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flNNHi
Figure 3.13 LOWER EXTENSION RAM AND COMPRESSIVE TESTING PLATEN
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20mm Right Hand 
Threads
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Opposite Platen
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- 8 " -
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To be used to 
Align Specimens
Compressive Platen Detail
Figure 3.14 SHOP DRAWINGS FOR RAM EXTENSIONS AND COMPRESSIVE
TESTING PLATENS
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3.3.5 -  Envirotherm® Environmental Chamber
To control the temperature of the specimen during testing, an environmental chamber 
capable of both heating and cooling was used. The Envirotherm® environmental chamber 
used in this research operates using convection to condition specimens to the appropriate 
test temperature. Liquid nitrogen is used for cooling, and an internal heating element is 
used to raise the temperature in the chamber. This chamber is capable of controlling the 
test temperature of the specimen over a range from -10 to 30° C to an accuracy of 
±0.1° C. The chamber is large enough to accommodate a dummy specimen embedded 
with a thermocouple used to determine internal specimen temperature and estimate the 
time required for temperature equilibrium. The chamber is also sufficiently large to hold 
two specimens other than the test specimen, which minimizes the time between tests 
when testing several specimens at one temperature.
3.3.6- Gluing Jig and Tension Testing Platens
To test samples in tension, it was necessary to fabricate the appropriate testing platens 
and an apparatus capable of holding the samples while the platens are glued to the 
samples. Also made of T303 stainless steel, the tension testing platens were designed to 
thread into the ram extensions previously described and fabricated initially for 
compression testing. As can be seen in Figure 3.15, these 75 mm diameter platens have 
concentric circles machined on the face that is adhered to the sample; these depressions 
increase the surface area of the platen face, increasing the contact area between the platen 
and the sample. This interface is very important and the bond between the sample and 
platen must not fail before the sample.
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.15 TENSION TESTING PLATENS
The gluing jig, pictured in Figure 3.16, holds the sample in-line with the testing 
platens, preventing undesirable eccentric or non-axial loading of the sample during 
testing. The specimen loaded on top of the jig in Figure 3.16 is used as ballast, forcing 
the assembly together while the epoxy cures. Both the top and bottom plates of the jig 
are height adjustable, making it capable of accommodating specimens of various heights 
and allowing for the removal of the specimen after gluing is complete.
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Figure 3.16 TENSION TESTING GLUING JIG
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3.4 -  SPECIMEN FABRICATION AND PREPARATION
3.4.1 -  Sieving
The virgin aggregate stockpiles were separated into the standard individual sieve sizes 
used for this research. The virgin materials were oven dried and then sieved in 
accordance with ASTM C l36-01, and the separated aggregate portions were stored in air­
tight plastic 5-gallon containers. The baghouse fines were not sieved into individual size 
fractions because of the nature of this material; the extremely high quantity of particles 
passing the No. 100 sieve would have made sieving extremely difficult and dangerous 
(due to the amount of airborne dust particles and the risk of inhalation). Therefore, this 
material was used in its as-received state.
3.4.2 -  Specimen Fabrication
Each specimen was individually batched to ensure that the design grading was followed 
as closely as possible. Batching involves simply determining the amount of aggregate 
required for each individual size fraction based on the design grading, and massing out 
that amount from the separated aggregate buckets. Each batched specimen was also 
mixed individually, following the procedure outlined in Appendix A.
Using RAP in mixtures called for specific measures that are not necessary when 
dealing with virgin aggregates. Since the RAP was added to the mixtures in the as- 
received state (not sieved into individual particle sizes), a sampling method was 
necessary to ensure that the grading of the portion of RAP added reflected as accurately 
as possible the grading of the stockpile. Per recommendation of the NHDOT, the method 
of quartering was used to obtain the proper size sample. This method requires an original
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sample size of approximately eight to twelve times the size of the required sample. The 
material is first spread out over a flat surface with a shovel, and mixed thoroughly with 
overturning movements. The entire sample is then shoveled into a conical pile by 
pouring each shovelful on top of the preceding one. The pile is then flattened to a 
uniform thickness and diameter by pressing on the apex of the cone with the shovel. At 
this point, the material is separated into four quarters, and two diagonally opposite 
quarters are removed. The cleared spaces are brushed clean, and the process is repeated 
again until a sample of the desired size is left.
The RAP is also not heated as long as the virgin aggregate. The virgin aggregate 
is heated for a minimum of 8 hours prior to mixing at a temperature of 135° C to remove 
any moisture in the aggregate and to bring the material to mixing temperature. Heating 
the RAP for this long would significantly alter the chemical structure of the binder in the 
RAP (equivalent to long term oven aging), and produce excessive emissions problems. 
Therefore, the RAP is heated for only 2 hours prior to mixing at the approximate mixing 
temperature. This heating softens up the RAP enough to allow mixing and evaporates the 
majority of the moisture in the RAP, but preheating for this short a period does not heat 
the RAP enough to significantly affect the binder properties.
After mixing, test specimens were short term aged and compacted. The specific 
compaction procedure followed is outlined in Appendix A. Compacted specimens were 
then cored and cut, also following the procedure outlined in Appendix A. Prior to testing, 
specimens were instrumented as outlined in 3.4.5, Instrumentation o f Samples.
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3.4.3 -A ir  Void Verification
Though the Superpave mixture design process is directed at creating compacted mixtures 
containing 4.0% air voids, the air void content of cut and cored specimens is considerably 
lower than the 4.0% target. Ideally, prepared test specimens should also contain 4.0% air 
voids. To create specimens with the proper air content, it is necessary to determine the 
compaction height of a whole specimen that will produce a cored and cut test specimen 
with the target air void content. Achieving this involves compacting two trial specimens, 
one to a height that creates a prepared specimen with a lower than target air content and 
the other to a height that creates a higher than target air content. Using these two 
compaction heights and their respective prepared sample air void contents, a compaction 
height that creates a 4.0% air void test specimen can be interpolated. Since each mixture 
is unique in both grading and asphalt content, this process must be performed for each 
mixture, and also must be performed for both the 100 mm and 75 mm test specimen for 
each respective mixture design. The air void content of each test specimen is found in 
Table 3.14.
3.4.4 -  Specimen Identification
Every HMA sample created for the purpose of this research was identified with a 5 digit 
number in the form “XXXX-X". The first four digits in the ID number of the sample 
represent the date on which the respective sample was mixed. The last number represents 
the order in which the sample was mixed on that day, with 1 being the first sample 
mixed. For example, the 3rd sample mixed on May 12 would be described as “0512-3”. 
Table 3.14 lists the test specimens created for this research.
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Table 3.14
SPECIMEN IDENTIFICATION
Mixture I.D. Air Voids Cored Diameter 





























3.4.5 -  Instrumentation o f Samples
Accurately measuring the strain response of specimens during testing requires 
instrumentation capable of measuring axial deformation independently of the position 
control function of the Instron® testing equipment. The Instron® data collection system is 
capable of recording the position of the actuator during the test, but this reading does not 
coincide accurately with the deformation of the specimen. Therefore, linearly variable 
differential transformers (LVDT’s) were used to measure the strain response during 
testing over a gauge length of 100 mm for both the 100 mm and 75 mm diameter
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specimens. Four LVDT’s were used for compressive testing (located at the quarter- 
points of the specimen’s perimeter), and three for tensile testing (located at the third- 
points of the specimen’s perimeter). Brass studs providing the interface between the 
LVDT and the specimen were attached with quick curing two-part epoxy cement. 
Aluminum spacing rods were used to both accurately set the 100 mm gauge length and to 
properly align the studs with one another during the gluing process. Figure 3.17 shows a 
75 mm diameter sample with the brass studs attached to it prior to the installation of the 
LVDT’s. A photograph of the LVDT configuration on a 100mm diameter specimen is 
found in Figure 3.18, and a close-up of an LVDT is shown in Figure 3.19.
Figure 3.17 LVDT SPACER RODS ON 75 mm SPECIMEN
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Figure 3.18 LVDT CONFIGURATION ON 100 mm SPECIMEN
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Figure 3.19 LVDT CLOSE-UP
3.5 - T e s t i n g  S e tu p
3.5.1 -  Friction Reducing End Treatments
Compressive testing of samples requires two pieces of latex membrane to be positioned 
at each end of the sample, separated by a thin layer of vacuum grease. This creates an 
essentially frictionless surface, isolating the sample from the steel platens and allowing 
the asphalt sample to expand radially unimpeded. This precaution is necessary to prevent 
the sample from a possible “barreling” effect. If these membranes were not used, the 
lateral frictional force between the ends of the sample and the steel platens would inhibit
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
radial expansion. The sample must expand at each end as it is loaded (and thus 
shortened) longitudinally, a reaction described by the Poisson effect. If the expansion at 
each end was restrained, the unconfined center of the sample would bulge and the shape 
of the sample would resemble that of a barrel. As can be seen in Figure 3.20, 0.75” 
diameter holes were cut in the center of the membranes to prevent bunching or creasing 
of the membranes and to allow air trapped between the membranes to escape during 
loading.
Figure 3.20 FRICTIONLESS MEMBRANES
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3.5.2 -  Seating Load
A seating load is necessary for dynamic modulus testing for three specific reasons. First, 
unlike tensile testing, the compressive testing platens are not connected to the specimen 
in any way. To prevent specimen movement during testing, a minimal seating load is 
applied, keeping lower bound of the applied load wave away from 0 lb. This theory also 
applies to tension testing specimens, keeping the applied loads tensile. The magnitudes 
of seating loads range from 5% to 10% of the maximum applied load, with the percentage 
decreasing as maximum load increases. If this seating load were not applied, the 
compressive test specimen would likely be subject to impact loading and movement 
during the higher frequency tests between the time of no loading and the start of the next 
load wave. Secondly, seating the specimen helps to correct for any irregularities on 
either end of the compressive test specimen. If the ends of the specimen are not exactly 
parallel to one another, the seating load helps the entire surface of the test specimen 
contact the platen. Thirdly, once the seating load is applied, each LVDT is zeroed to 
allow full measurement of the specimen deformation. The specimen will only shorten 
during compressive testing, and elongate during tensile testing, from the time at which 
the seating load is applied, and each LVDT is positioned to take advantage of this.
I
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C h a p t e r  4
TESTING OF MIXTURES
4.1 -  DYNAMIC MODULUS TESTING
4.1.1 -  Theory
The dynamic modulus test measures the response of the material to cyclic loading at 
different frequencies (usually ranging from 0.1-30 Hz) in the undamaged state. Asphalt 
concrete is a viscoelastic material, meaning that its response to a particular load depends 
on the magnitude of the load, the rate of application, and the duration of the load. 
Therefore, it is important to evaluate how the material responds to different frequencies 
or rates of loading, which correspond to the different traffic speeds a pavement could 
experience in the field. The dynamic modulus test consists of applying a sinusoidal load 
history to the specimen at different frequencies. Figure 4.1 plots how stress is applied to 
a sample in this test, and the specimen’s generic strain response. The load amplitude is 
adjusted based on the material stiffness, temperature, and frequency to keep the strain 
response within the linear viscoelastic range (10).
Complex (or dynamic) modulus testing was standardized in 1979 by the ASTM 
when “Standard Test Method for Dynamic Modulus of Asphalt Concrete Mixtures” 
(ASTM D3497) was created. AASHTO has also released a provisional protocol, 
AASHTO TP 62-03. These documents discuss unconfined compressive stress, but this 
research examines material response to both compressive and tensile stresses.
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Figure 4.1 GENERIC DYNAMIC MODULUS APPLIED STRESS AND STRAIN
RESPONSE CURVES
The dynamic modulus, |E*|, at each frequency is calculated by dividing the steady 




The phase angle, </>, is related to the time lag, At, between the stress input and strain 
response and the frequency of testing:
^ = 2k  f  At (4.2)
w here/is the loading frequency. As the testing temperature decreases or the rate 
(frequency) increases, the dynamic modulus increases and the phase angle decreases due 
to the time dependence or viscoelasticity of the material. The dynamic modulus is a
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measure of the stiffness of the material at a particular frequency and temperature whereas 
the phase angle indicates the relative amount of viscous or elastic response. A material 
with a phase angle of zero is purely elastic (instantaneous strain response to load) and a 
phase angle of 90 indicates a purely viscous material. The dynamic modulus and phase 
angle are used to describe the linear viscoelastic material properties under various loading 
and environmental conditions (10).
4.1.2 -  Test Parameters
The series of tests necessary to determine dynamic modulus is commonly referred to as 
frequency sweep testing. The sample is tested at five temperatures: -10°C, 0°C, 10°C, 
20°C, and 30°C. At each of these temperatures, the sample is tested at 8 frequencies: 20 
Hz, 10 Hz, 5 Hz, 2 Hz, 1 Hz, 0.5 Hz, 0.2 Hz, and 0.1 Hz. The frequencies are tested from 
highest to lowest frequency, with a 5 minute rest period between tests of different 
frequencies. To ensure the test sample has reached the test temperature throughout, a 
dummy specimen with an embedded thermocouple is stored inside the environmental 
chamber and subjected to the same temperature history as the test specimen.
4.1.3 -  Load Level Determination
Dynamic modulus testing must be performed within the linear viscoelastic range of the 
material, which is achieved by targeting strain response amplitudes of 50-75 microstrain 
(11). The stress amplitude that creates the desired strain response varies with both 
frequency and temperature and are unique to each type of mixture (i.e. 0% RAP 
specimens have different strain responses than 15% RAP samples). Limiting the strain
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response to the linear-viscoelastic range prevents damage to the specimen, which both 
ensures that material properties are being accurately measured and that one specimen 
may be subjected to tests at multiple frequencies and temperatures.
The applied load is adjusted in the laboratory with a trial-and-error method until 
the desired strain response is achieved. This is only necessary, however, with the first 
specimen for a given condition. Replicate specimens are tested using the stress 
amplitudes determined with the initial specimen. The applied dynamic modulus testing 
loads for each mixture type are summarized in Tables C.l through C.4 in Appendix C.
4.1 .4- Data Collection
The data collection software (Fast Track created by Instron®) used for this research 
creates comma separated value (CSV) files that are imported into Microsoft Excel and 
converted to workbooks for analysis. This test program collects time, test block number 
(each frequency tested was a unique test block), cycle number, the position of the load 
ram, the load applied, and the reading from each LVDT in use. The frequency of data 
collection (i.e. the number of data points taken per test cycle) varied with the frequency 
tested, but generally 150 data points are desired per cycle. Having at least this much data 
ensures that the strain response is accurately recorded, specifically at the peaks of the 
waves for determination of strain amplitude. Recording at this frequency was difficult at 
the higher frequencies as the limits of the data collection software were reached. For 20 
Hz testing, data would need to be collected 3000 times per second, or once every 3.33 x 
10"4 seconds, to record 150 points per cycle. Attempting to collect data at this frequency 
often caused the program to freeze during testing, requiring the test to be aborted and
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restarted. Therefore, as few as approximately 130 data points per cycle were collected in 
the higher frequency tests. This, however, proved to be a sufficient amount of data to fit 
a predicted strain response curve to the collected data.
Large amounts of data are generated from the three (tensile testing) or four 
(compression testing) LVDT channels, and collecting the entirety of data from the whole 
test would create excessively large, difficult to manipulate data files, especially during 
high frequency testing. The data collection program recorded only the last 20 cycles of 
testing at each frequency which were taken after the sample had reached steady state.
4.1.5 - Data Reduction and Analysis
The raw data collected at each frequency must be first reduced. LVDT data must be 
zeroed to each LVDT’s reading under the seating load, and applied load must be 
converted to applied stress. Readings between LVDT’s must also be compared 
graphically to one another to ensure similar strain response over all channels. There were 
rare instances of an LVDT malfunctioning and “flatlining” during testing, and no 
response on that particular channel was recorded. Examining the data graphically allows 
for a quick check of the quality of data collected.
Readings from the four LVDT channels were averaged, converted from 
displacement to strain response, and fit with a sinusoidal curve. This curve is created 
using a spreadsheet and mean square error analysis. The error between the observed data 
and the predicted value from the sinusoidal equation below is minimized.
Mediated = <* + P + 0) (4.3)
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In Equation 4.3, the predicted strain response is modeled as a function of time, 
with a describing the y-intercept of the equation, p  describing the amplitude of the sine 
wave, ft) describing the frequency of the wave, and 6 describing a phase or horizontal axis 
shift factor. A snapshot of response data is used in this equation and is taken once the 
sample has reached steady state. This occurs after the sample undergoes its initial 
deformation (shortening for compression testing, lengthening for tension) and the 
specimen’s strain response amplitude remains constant (i.e. the mean strain response 
remains constant). Figure 4.2 contains a sample plot of collected strain data versus 
predicted strain data taken from a sample at steady state.
10 -----------------------------------------------------------------------------------------------------------------
. 7 0  -I-------------------- ,----------------------------------------- ,-------------------- ,-------------------- ,-------------------- ,-------------------- ,-------------------- ,---------------------,--------------------
1685 1690 1695 1700 1705 1710 1715 1720 1725 1730 1735
Time (s)
o Recorded Specimen Response —  Predicted Strain 
Figure 4.2 OBSERVED SPECIMEN RESPONSE VS. CALCULATED STRAIN RESPONSE
Graphing the recorded strain values versus the predicted allows for a visual check 
of the MSE curve fit. As can be seen in the Figure 4.2 sample plot, the predicted strain
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equation fits the recorded data well with approximate strain amplitude (samp) of 60 (is.
This procedure is performed to determine a sample’s strain response to testing at all 
frequencies at each temperature. The resulting values are used in Equation 4.1 to 
determine the dynamic modulus for each condition.
4.1 .6- Master Curve Construction
Due to the temperature and rate dependent nature of asphalt concrete, it is necessary to 
describe the material behavior over a wide range of temperatures and loading rates, or 
time. Practical constraints on testing time and equipment constraints associated with 
collecting data at very short times (10"4 seconds) restrict the range of behavior that can be 
measured from a single test. Asphalt concrete is a thermorheologically simple material, 
thus the time-temperature superposition principle applies. Using the time-temperature 
superposition principle, the time and temperature dependent material properties can be 
represented using reduced time, t;. For a constant temperature, the reduced time is 
defined as:
# = —  (4.4)
aT
where ar is the time-temperature shift factor. Dynamic modulus is described as a function 
of frequency, so in this case reduced frequency, y, is used:
r  = f * a T (4.5)
The same value of a j at a particular temperature applies to any of the viscoelastic 
material properties. The data obtained from testing at the individual temperatures are
shifted along the time or frequency axis to construct a master curve. The material
properties at any temperature or rate of loading can then be determined by simply shifting
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the master curve to the desired range using the time-temperature shift factors. The 
dynamic modulus master curves are shifted to minimize the error between the measured 
data and a predicted equation of the form:
Log\E*\ = a +  b- r -  (46)
^ ^.c+c/log;/
where a, b, c, and d are regression coefficients and y is the reduced frequency. This 
sigmoidal equation accurately represents the upper and lower asymptotes that are 
characteristic of the dynamic modulus curve.
For this research, data was shifted to 20° C. Sample graphs illustrating this shift 
are found in Figure 4.3. The first graph plots dynamic modulus versus frequency. This 
graph illustrates asphalt’s temperature and rate dependent response to loading, as 
dynamic modulus increases with both temperature and loading rate. The second graph 
plots dynamic modulus versus reduced frequency, using the shift factors found in the 
third graph to shift the data to 20° C. The data from the individual temperatures overlaps 
when shifted, indicating the material behaves similarly for different temperature and 
loading rate combinations. The second graph contains the MSE curve fit to this data 
which uses Equation 4.6 to predict dynamic modulus. Graphs similar to those found in 
Figure 4.3 were created for each specimen tested, both in compression and tension, and 
are found in Appendix D.
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4.2 -  CREEP COMPLIANCE TESTING
4.2.1 -  Theory
The creep test measures the time-dependent deformation of the material under a static 
load applied for a prescribed amount of time. A constant load is applied and the strain 
response is measured during this test. Like dynamic modulus testing, creep compliance 
testing may be performed over a range of temperatures and the time-temperature 
superposition principle applied to shift data to a single temperature. Creep compliance at 
a single temperature is calculated as a function of time and is represented by the equation:
D<>) (4.7)
cr(0
where D(t) is the creep compliance at a time t, e(t) is the strain measured at a time t, and 
o(t) is the applied stress at time t.
4.2.2 -  Test Parameters
Similar to dynamic modulus testing, the sample is tested at five temperatures: -10° C,
0° C, 10° C, 20° C, and 30° C, in order of increasing temperature. The specimen 
temperature conditioning procedure is the same as used for dynamic modulus testing. 
The appropriate load level for each temperature (as discussed in section 4.2.3) is applied 
for 100 seconds (1.67 minutes), and data is collected for an additional 500 seconds for a 
total test time of 600 seconds (10 minutes). The rest period for each specimen is 
significant, as it is at least the amount of time required to bring the specimen to the next 
testing temperature.
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4.2.3 -  Load Level Determination
The creep compliance, a viscoelastic material property, can be determined when testing is 
conducted at a load level low enough not to induce any damage in the material. The 
The appropriate load level for creep compliance testing is determined by testing a 
specimen with increasing load levels, each of which is followed by a low magnitude 
reference load to determine the linear viscoelastic range. Both the increasing loads and 
the reference loads are applied for 1000 seconds, followed by a two hour rest period with 
no load application to allow for specimen relaxation. The strain response at the reference 
load level should remain unchanged after the increased load level applications. Increased 
strain response resulting from the reference load is indicative of permanent specimen 
deformation from the previous increased load application.
In linearly viscoelastic materials such as asphalt, the creep compliance is 
independent of stress level; however, it is important to determine a high load level to 
overcome any background “noise” from metallic vibrations or electronic interference 
from testing equipment such as the load cell, testing chamber, or other electronics (12). 
The procedure previously described allows for the selection of the highest load level that 
does not induce damage to the specimen. A summary of the load levels, and the 
corresponding strain values, determined using this procedure and used for this research is 
found in Table 4.1. Due to time constraints, this procedure was performed using the 
control mixture, and load levels determined were used for all mixtures. Also, testing was 
performed at -10°, 10°, and 30° C only for the 25% and 40% RAP specimens.
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Table 4.1
CREEP COMPLIANCE TESTING LOAD LEVELS
Mixture Temperature Load Level Strain














25% RAP 10 150 71
30 33 100
-10 670 42
40% RAP 10 150 55
30 33 85
4.2 .4- Data Collection
Loading was applied to the specimen for 100 seconds at each test temperature, followed 
by 500 seconds of additional data collection. To help manage the size of the raw data 
files created from testing, the data collection program was written to record data as a 
function of the measured axial displacement of the specimen, with a maximum data 
collection frequency of 200 points per second. The program records data points when the 
LVDT channels record displacements above 0.1% of the total height of the specimen, or 
when the maximum time of 1 second elapses between data points. This allows the initial 
strain response of the specimen to be well documented and saves later data reduction
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effort by eliminating unnecessary data points while the specimen is experiencing minimal 
displacement.
4.2.5 -  Data Reduction and Analysis
The data collection program performs the first step in data reduction, but the data files 
created from creep compliance testing have approximately 4,000 rows of data and must 
be further reduced prior to analysis. The entirety of data collected may be useful for 
further analysis performed in this research, but for creep compliance testing this data is 
reduced using spreadsheet software. The first row of data is extracted at time t=0.04 
seconds (essentially the start of the test), followed by t=0.08 s, t=0.16 s, t=0.32 s, and so 
on. The period of time between collected rows of data is doubled until time t=10 s, at 
which point the next rows of data are extracted at t=50 s, t=75 s, and t=100 s (the time at 
which load is removed from the specimen). Additional data rows are extracted on an 
individual specimen basis after a graphical examination of the data, as some specimens 
experience changes in strain rate at times from which data may not have been selected.
This pattern, like the testing data reduction program, takes more data from the 
crucial time of initial specimen deformation, and less as the specimen reaches a constant 
strain rate. The product of this reduction method is approximately 12 rows of data that 
accurately and concisely describe the specimen behavior over the entire 100 second test.
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4.2.6 -  Master Curve Construction
The creep compliance master curve is constructed for each individual specimen tested.
As with dynamic modulus data, the time-temperature superposition principle is also 
applied to creep compliance data. However, creep compliance is a function of time, and 
is represented using reduced time, £  as is presented in Equation 4.4, rather than reduced 
frequency as with dynamic modulus data.
Data is shifted to 20° C, and the creep master curves for each mixture are then fit 
using a modified power law (MPL) to describe the mean value of compressive creep 
compliance for that mixture. This is performed using a spreadsheet program and a least 
squares analysis to determine the appropriate shift factor for each temperature to fit the 
data to the MPL of form:
D(t) = D „ + D-°~ D° (4.8)
1 - - I  I t )
where Do is a regression coefficient, n is the slope of the linear region of the creep curve 
on a log-log scale, and Do (initial compliance) and Dm (long time compliance) are the 
values of the lower and upper asymptotes, respectively.
Figure 4.4 illustrates the master curve construction for a creep compliance 
specimen. The first graph in Figure 4.4 plots creep compliance versus time, and it can be 
seen that values increase with temperature, indicating the specimen becomes more 
compliant as temperature is increased. The second graph in Figure 4.4 plots creep 
compliance versus reduced time using the shift factors determined from fitting the data to 
the MPL presented in Equation 4.8. The final graph in Figure 4.4 plots shift factor versus 
temperature.
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4.3 -  CREEP FLOW TESTING
4.3.1 -  Theory
Creep flow testing induces damage to the specimen, unlike testing previously discussed, 
and for this reason was performed last on each of the specimens. Creep flow testing is 
similar to creep compliance testing, for they both measures time-dependent deformation 
under static loading. Creep flow testing, however, is performed at higher load levels, and 
in this research was done to determine flow time, one of the parameters of the Simple 
Performance Test (13).
Specimen behavior under constant, static loading during creep flow testing is 
marked by three distinct zones in the specimen strain response curve. In the primary 
zone, permanent deformation occurs quickly and then begins to decrease with loading 
time, finally reaching the constant strain rate marked by the onset of the secondary zone. 
The tertiary zone begins when deformation begins to occur rapidly again prior to 
specimen failure. Flow time is the time during the test at which tertiary creep begins. 
Each zone can be described with respect to strain rate and loading time:
1. Primary zone -  the portion in which the strain rate decreases with loading time;
2. Secondary zone -  the portion in which the strain rate remains constant with
loading time; and
3. Tertiary zone -  the portion in which the strain rate increases with loading time.
A typical plot of creep flow data versus time is presented in Figure 4.4. It can be 
seen that the flow time is defined by the transition of the linear, secondary zone to the 
parabolic, increasing strain rate tertiary zone.
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Tertiary Zone
Secondary Zone





Figure 4.5 TYPICAL CREEP COMPLIANCE VERSUS TIME PLOT
4.3.2 -  Test Parameters
In this study, creep tests were performed at a stress level of 600 kPa (87 psi) and a 
temperature of 45° C (113° F). These values were recommended by Dr. Kamil Kaloush 
of Arizona State University, an expert in the field of asphalt research and creep flow 
testing.
4.3.3 -  Data Collection
Data was collected for creep flow testing in the same manner as was collected for creep 
compliance testing. The testing software was programmed to collect 200 data points per 
second during the initial load application (during the primary zone of the creep 
compliance curve), and decrease the amount of data collected as a function of specimen 
deformation as the specimen enters the secondary zone of the curve. Data collection is 
increased again as the specimen enters the tertiary zone, prior to specimen failure at the
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conclusion of the test. This data was used in the collected state and not further reduced to 
create the creep flow curves for each specimen.
I
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C h a p t e r  5
RESULTS
5.1 -  COMPLEX MODULUS TESTING
The dynamic modulus master curves at 20° C resulting from compressive and tensile 
complex modulus testing are presented in Figures 5.1 through 5.4 and 5.5 through 5.8, 
respectively. The dynamic modulus master curve for each test specimen was created 
independently and each of these curves may be found in Appendix C. The master curves 
for all specimens of each mixture were combined and a regression line fit to describe the 
mean value of the dynamic modulus for that mixture. The regression line is the same 
form (Equation 4.6) that is used to construct the individual master curves. The mean 
square error from the regression analysis for each mixture is shown in Table 5.1. The 0% 
control and 15% RAP specimens have very similar and lower errors than in the mixtures 
with higher amounts of RAP. The mean square error increases with increasing 
percentages of RAP in the 25% and 40% RAP specimens for the compression tests, 
indicating that the specimen to specimen variability is higher with these mixtures. This 
variability is visible in the spread of individual specimen data in the higher reduced 
frequency range in these mixtures’ respective master curves. This is expected due to the 
variability of the RAP itself and also due to the mixing procedures. The aggregate 
structure (grading) for each mixture was designed using the overall grading for the RAP 
stockpile. In fabricating the specimens containing RAP, a specific quantity of RAP was
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added using representative sampling methods. This introduces more variability in the 
actual specimens because the different sizes of the RAP stockpile cannot be separated 
and added exactly according to the grading (the individual aggregate particles are 
combined with the asphalt and impossible to separate into individual size fractions). 
Therefore, with increasing amounts of RAP, higher variability is expected in the material 
properties.
The higher variability was not seen when testing in tension. The three RAP 
mixtures have similar values for the mean square error, all lower than that for the control 
mixture. This indicates that the variability in the mixture is not as evident in tension 
testing as in compression testing. The changes in grading will be noticed more in 
compression testing because the aggregate skeleton contributes more to the overall 
strength of the material than in tension.
Table 5.1





Testing Type Square Error 
(MPa)
0% 12.690
Compression 15% 13.81725% 24.876
40% 28.935
0% 21.513
Tension 15% 16.14425% 14.470
40% 14.683
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5.1.3 -  Comparison o f Tension vs. Compression Master Curves 
The decision to perform dynamic modulus testing in tension was made after data from 
compressive testing was analyzed, as initially only compressive dynamic modulus testing 
was planned. However, examination of this compressive testing data indicated expected 
trends were not being followed, as will be discussed further in section 5.1.4, and 
additional testing was needed.
The immediate benefit of testing in both compression and tension is the additional 
data from which analyses may be performed and conclusions drawn. More importantly, 
however, is the difference in how asphalt specimens behave when tested in these two 
ways. When compressed, asphalt mixtures derive their strength heavily from their 
aggregate structure. However, tensile strength is much more reliant on binder properties 
and the cohesion of the mixture. The dynamic modulus testing performed herein does 
not induce strains outside of the linear viscoelastic range, and damage accumulation does 
not occur. Therefore, compressive and tensile behavior of the mixtures should be similar 
and correlation in the master curves and subsequent results from both types of testing can 
be verified. Similar response to both compressive and tensile testing indicates the 
addition of RAP influences similarly the mixture’s response to all types of loading.
Figures 5.9 through 5.12 plot the compressive and tensile testing MSE master 
curves on the same graphs for the 0% control, 15%, 25%, and 40% RAP specimens, 
respectively. Excellent correlation can be seen between the compressive and tensile 
master curves in both the 0% control and the 40% RAP mixtures. The 15% mixture 
exhibited slightly stiffer behavior under compressive testing, while the 25% mixture 
showed more significant stiffness under compressive testing, specifically in the higher
i
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reduced frequency range. The 0% control and 40% RAP mixtures have the lowest 
asphalt binder contents at 4.8% and 4.9%, respectively. The 15% mixture has 5.1% 
asphalt content, and the 25% mixture has the highest content of the mixtures tested at 
5.4%. Thus, increasing the asphalt binder content of the tested mixtures resulted in 
decreased tensile dynamic modulus values in the upper reduced frequency range. 
Increasing asphalt content causes mixtures to behave less stiffly, and this effect was 
amplified by testing the specimens in tension, a test method that relies heavily on the 
binder properties and content of the mixture.
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5.1.4 -  Comparison o f  Mixture Master Curves
Figures 5.13 and 5.14 show a comparison of the dynamic modulus master curves at 20° C 
for the control and 15% RAP mixtures tested in compression and tension, respectively. 
The addition of RAP increases the stiffness of the mixture in both cases; however, that 
increase is greater in compression than in tension. At lower frequencies, the mixtures 
have similar stiffness in both tension and compression. The difference in stiffness 
between the two mixtures increases with frequency in compression and appears to reach a 
constant difference after a point in tension. Relating this to the anticipated performance of 
the mixtures in the field, the two mixtures would be expected to have similar resistance to 
rutting as the low frequency stiffness in compression is similar. The low frequency 
material behavior is representative of the stiffness of the mixture under slow or standing 
traffic and/or the behavior at high temperatures, both critical conditions for permanent 
deformation. To evaluate the performance of the mixtures with respect to fatigue and 
thermal cracking, the tensile material stiffnesses at higher frequencies, corresponding to 
lower temperatures, are compared. The mixture containing 15% RAP exhibits higher 
stiffness than the control mixture. The stiffness alone is does not give the full picture 
however, because the ductility or brittleness of the mixture will also affect its 
performance with respect to cracking. The 15% RAP mixture contains a percentage of 
aged asphalt binder, which is more brittle than virgin binder; therefore it is reasonable to 
expect the 15% RAP mixture to be more brittle than the control mix. The combination of 
higher stiffness and more brittle behavior will likely result in a shorter fatigue life and a 
higher probability of thermal cracking occurring in the field. It should also be noted that 
the thicknesses of the asphalt layer and the total pavement structure have a significant
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effect on the fatigue performance of mixtures and cannot be discounted in the 
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The MSE fit curves for the dynamic modulus master curves at 20° C of all four 
processed RAP mixtures tested in compression and tension are shown in Figures 5.15 and 
5.16, respectively. The dynamic modulus curves for the 25% RAP and 40% RAP 
mixtures are similar to that for the control mixture, when it would be expected that they 
would have higher dynamic modulus values than the 15% RAP mixture, especially at the 
higher frequencies. The air void content of all the specimens tested is 4 ±0.5% and 
should have minimal effect on the dynamic modulus variation seen. There are several 
possible explanations for the unexpected results. First, the 25% RAP mixture has an 
asphalt content that is higher than that of the 15% RAP mix. Mixtures with higher 
asphalt content have been shown to have lower dynamic modulus values (11). Secondly, 
the grading of the 25% and 40% processed RAP mixtures is finer, especially in the 0.3 
mm to 2.36 mm particle size range and a mixture with finer grading will typically have 
lower stiffness (11). The grading among the different mixtures in this project was 
allowed to vary to maintain the same relative percentages of blast rock and sand for the 
virgin aggregate. This was done to maintain consistent aggregate properties (aggregate 
angularity and specific gravity) for the virgin material in each mixture.
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5.2 -  CREEP COMPLIANCE TESTING
The individual MPL creep compliance curves at 20° C for the four mixtures are shown in 
Figures 5.17 through 5.20, respectively. The increase in stiffness, or decrease in 
compliance, is evident for the mixture containing 15% RAP. This is similar to the 
change in creep compliance for a mixture that is subject to aging, as shown in Figure 5.23 
(11). The STA curve is for a mixture subject to short term oven aging and the LTA 
curves represent increasing levels of long term oven aging in the laboratory. It is rational 
to expect the creep compliance curves for mixtures with increasing percentages of RAP 
to follow the same trend as a mixture at various levels of aging. The RAP in the mixture 
is essentially adding aged binder to the mixture; therefore larger percentages of RAP are 
expected to have the same effect as increased aging. The 25% RAP and 40% RAP 
mixtures do not follow the expected trend. The relationship among the creep compliance 
master curves is similar to the dynamic modulus master curves, indicating that the 
difference in grading and volumetric properties between the mixtures is significantly 
affecting the material properties. Researchers in Florida found that high VMA mixtures 
exhibited higher creep compliance and lower stiffness (14). The differences in the master 
curves are due to a combination of the amount of RAP, the asphalt content, the grading of 
the mixture, and the mixture volumetries. These effects are impossible to separate 
without further testing.
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5.3 -  CREEP FLOW TESTING
The results of the creep flow time tests for individual specimens are presented in Table 
5.2. Figures F.l through F.8 in Appendix F contain individual specimen creep flow 
curves. These curves plot average axial strain, not creep compliance, versus time. As 
this testing was performed solely for determining flow time, changing the values on the 
y-axis is not necessary. Converting these graphs to creep compliance versus time would 
not change the shape of the curves as the applied stress is constant during this test. The 
flow time of each test is defined as the starting point of the tertiary zone of these curves 
(13), which is dependent only on the shape of the curve and not y-axis values. This can 
be seen in the sample creep flow time test curve presented in Figure 5.24.
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Figure 5.24 SAMPLE CREEP FLOW TESTING CURVE
Creep flow times were determined graphically by plotting the rate of change of 
axial strain versus time, and checking the results of these plots versus the specimen creep 
flow curves. The secondary zone of the creep flow curves is linear and can be fit as such, 
and the points at which the graph deviates from the linear fit of the secondary zone 
defines the zone’s limits. The upper limit of the secondary zone is the creep flow time. 
The flow time in the sample creep flow testing curve presented in Figure 5.24 (from 
sample 0306-3) is 1090 seconds.
There is much variation between the 0% RAP specimens, with specimen 0617-1 
! exhibiting a significantly lower creep flow time than the other samples of this mixture
! type. This could be explained by several theories. The method of load application used
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for creep flow testing was refined during the 0% RAP mixture testing, requiring the creep 
flow test block to be rewritten. Loading is applied “instantaneously” to the specimen for 
creep flow, requiring the load to ramp from the minimal seating load to 1093 lb (for this 
research) in as little time as possible. Due to constraints of the testing and data collection 
equipment, it was determined that instantaneous load application was 0.5 seconds. 
Requiring the testing equipment to achieve the test load in less than 0.5 seconds caused 
the desired test load level to be overshot. This effect was magnified as the load ramp 
time period was decreased, causing the specimen to experience loading greater than the 
desired 87 psi. Therefore, it is possible specimen 0617-1 was damaged from this initial, 
higher than anticipated loading. Also, creep flow testing was the last test performed on 
each sample as this is a damage inducing test. The specimen may have been damaged in 
the previous dynamic modulus or creep compliance testing, or simply during handling 
prior to creep flow testing.
Table 5.2










15% RAP 0306-3 10900306-5 2025
25% RAP 0720-1 5600722-1 210
40% RAP 0722-2 2940
Average creep flow times for each mixture are presented in Table 5.3. Data from 
sample 0617-1 was not considered in the 0% RAP average. Average creep flow time
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increased with higher processed RAP percentages, with the exception of the 25% RAP 
mixture. As discussed with both the dynamic modulus and creep compliance testing 
results, it is expected that the addition of RAP will increase the stiffness of the mixture, 
which will increase the creep flow time. Though the creep flow times are significantly 
lower for the 25% mixtures, the data from individual specimens is similar and faulty 
testing and/or prior specimen damage is not suspected. The lower creep flow times 
exhibited by the 25% mixture are likely due to the higher asphalt content. In general, 
however, more data (i.e. additional specimen testing) is necessary for this particular test 
at all conditions before a strong conclusion can be drawn.
Table 5.3
A v e r a g e  C r e e p  f l o w  t im e s
Mixture Average Creep Flow Time (s)




5.4 -  VOLUMETRIC TESTING OF MIXTURES
Additional volumetric testing and analysis was performed in attempt to isolate factors 
impacting mechanistic testing results. As can be seen in the mixture design parameters 
summary (Table 3.13), the 25% and 40% RAP mixtures exhibit higher VMA and VFA 
values than the control and 15% mixtures. This additional testing examines the link 
between the unexpected viscoelastic material properties measured for the 25% and 40% 
mixtures and the elevated VMA and VFA values.
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5.4.1 -  Effect o f  RAP Preheating Times
It is hypothesized that these volumetric differences are due to the extent of blending of 
the RAP material with the virgin materials. As part of the mixing procedure, the RAP is 
preheated in the oven for a period of two hours prior to mixing with the virgin asphalt 
and binder. This is the procedure that NHDOT uses to simulate plant operations. If the 
RAP material is not heated sufficiently, the RAP binder does not blend with the virgin 
binder to the extent possible and the RAP then tends to act more like a black rock 
material. The RAP particles have coarser grading than the RAP aggregate. Therefore, if 
the RAP particles do not completely break down and blend with the virgin materials the 
overall mixture grading will be coarser and, with the same compaction effort, an increase 
in VMA is expected (15).
To test whether heating time had an effect on the mixture volumetries, several 
specimens with the 40% RAP were fabricated by heating the RAP for 2 hours, 3.5 hours, 
and 8 hours at the mixing temperature. The two hour time is the standard procedure used 
by NHDOT. The 3.5 hour time is the time required for the RAP to reach mixing 
temperature, and 8 hours is equivalent to the time the virgin aggregate is heated (usually 
overnight) in the oven. The same compaction effort was used in fabricating all of the 
specimens and the result of this testing is shown in Table 5.4. The VMA decreases by
0.5% when the heating time increases from 2 to 3.5 hours, and then increases by almost 
3% with the longer heating time. At the shorter heating time, the RAP is not heated 
enough to allow the RAP particles to break up into smaller pieces and blend with the 
virgin materials. At the longer heating time, the RAP has likely aged further and the
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RAP particles have hardened and even fewer of them are able to break down and blend 
with the virgin material. This indicates that there is an optimum heating time for the 
RAP material to allow for the greatest extent of blending between the virgin and RAP 
materials.
Table 5.4
EFFECT OF R A P  HEATING TIME ON R A P  MIXTURE VOLUMETRICS
Test Variable VolumetricProperty
Duration of Preheating
2 hours 3.5 hours 8 hours
Gmm 2.484 2.480 2.479
Same Air Voids 4.0% 4.4% 7.6%
Compaction VMA 15.1% 14.6% 17.5%
Effort VFA 73.6% 70.1% 56.3%
Same Air 
Void Content
Air Voids 4.0% 4.0% 4.0%
VMA 15.1% 14.2% 14.4%
VFA 73.6% 71.2% 72.2%
The VMA values for a design air void content of 4% were calculated and shown 
in Table 5.4. The longer heating times decrease the VMA values, and may affect the 
mixture design and design asphalt content. A RAP mixture may not meet the Superpave 
VMA requirements when the RAP is heated for a particular amount of time, but may 
meet the requirements if the RAP is heated for a different amount of time. Therefore, it 
is very important that the laboratory procedures for producing RAP mixture simulate the 
plant operations as close as possible. More research is needed in this area, as the way 
RAP is handled in the lab can significantly affect the mix design and therefore the 
performance of the mix in the field.
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5.4.2  -  Effect o f  RAP on Uncompacted Void Content
Table 5.5 shows the uncompacted void contents, a measure of fine aggregate angularity, 
for the virgin aggregate stockpiles and the aggregate extracted from the processed RAP. 
These values were determined using ASTM 1252 method A as described in Chapter 3. 
The processed RAP aggregate has slightly lower angularity than the blast rock stockpiles, 
but not as low as the natural sand. The combined values for the various mixtures are also 
shown in Table 5.5. The aggregate angularity decreases with increasing percentages of 
RAP, but all of the values are above the Superpave minimum value of 40%. The effect of 
the aggregate angularity is expected be more pronounced in compression testing, where 
the aggregate structure has a greater contribution to the overall mixture stiffness. The 
dynamic modulus master curves presented in Figure 5.9 through 5.12 show good 
correlation between tensile and compressive testing, indicating that the differences in fine 
aggregate angularity between the different mixtures with varying percentages of RAP are 
not significant enough to affect the measured values. A Florida study (14) found that 
there was no correlation between fine aggregate shear strength and fine aggregate 
angularity and that fine aggregate angularity alone did not reflect the rutting performance 
measured in the lab using the Asphalt Pavement Analyzer.
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Table 5.5




Bank Run Sand 41.8
Aggregate
Stockpiles




0% RAP (Control) 47.1
Mixtures 15% RAP 46.425% RAP 46.1
40% RAP 45.9
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C h a p t e r  6
CONCLUSION
6.1 -  Conclusion
The purpose of this study was to examine the effect of RAP on the volumetric properties 
and stiffness of HMA. The addition of RAP increased the VMA and VFA of the 
mixtures. Also, the study indicated that there is an optimal pre-heating time for RAP to 
allow the particles to soften, break down, and blend with the virgin materials. Further 
research in this area is needed to determine how best to simulate the plant operations in 
the lab, especially for mix design.
The tension and compression dynamic modulus and compression creep 
compliance master curves, as well as creep flow curves and times, for a control mixture 
with no RAP and mixtures containing 15%, 25%, and 40% processed RAP were 
presented and discussed. The addition of 15% RAP increased the stiffness of the mixture 
and decreased the compliance, as would be expected. This indicates that the mixture 
containing RAP will be more resistant to permanent deformation and less resistant to 
fatigue and thermal cracking in the field. The addition of RAP to a mixture adds a 
proportion of aged binder and the effect of 15% RAP on the rheological properties of the 
mixture is similar to that reported for aged mixtures.
The mixtures containing 25% and 40% RAP did not follow the expected trends. 
Instead, the dynamic modulus and creep compliance curves were similar to that for the
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control mixture. It is likely that a combination of variables is influencing the material 
behavior for these mixtures. The 25% RAP mixture has the highest asphalt content of the 
mixtures and finer grading than all but the 40% RAP mixture. In addition to having the 
finest grading, the 40% RAP mixture has a higher asphalt content than the control 
mixture. The 25% and 40% RAP mixtures also have higher VMA and VFA values than 
those for the control and 15% mixtures. All of these effects will tend to soften the 
mixture, decreasing the dynamic modulus and increasing the creep compliance. Creep 
flow time also increases with the addition of RAP, except for the 25% mixture.
6.2 -  Suggested Improvements and Considerations for Future Testing 
A major hurdle in this research was working with the data acquisition system at the 
higher frequency tests and during the initial load application of the creep tests. Future 
testing of this manner would be well served by investigating the nuances of the data 
acquisition software. As may be noted, many specimen tests lack data for 20 Hz tests, 
and some lack 10 Hz data. The data recorded from some tests at these higher frequencies 
were disregarded for several reasons. First, the data was sometimes extremely noisy over 
some or all of the LVDT channels, making it impossible to decipher accurately the 
response of the specimen during the test. Even some of the data used for analysis from 
the higher frequency testing was noisy, but the specimen response was decipherable and 
the data usable. This problem was partially corrected when it was realized that one 
LVDT was malfunctioning; the LVDT was serviced and noisy data was much less 
prevalent. However, it is important for the individual performing the testing and 
analyzing data to be able to identify a malfunctioning LVDT. Second, the demand of the
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data collection software for the high frequency testing often caused the PC running the 
software to freeze in the middle of a test, causing a complete loss of data for that 
particular test (as the data is not written to the CSV file until the test block is complete). 
This problem was addressed by upgrading the computer used for data collection, which 
helped prevent freezing of the software and subsequent loss of data. This did not, 
however, allow the load ramp used in the creep testing to be applied over less than 0.5 
seconds. This constraint did not impede this research, as data from the primary zone of 
the creep strain response curve was not analyzed. Research that focuses on the analysis 
of primary zone data will require load application over a shorter period of time, and the 
load “overshooting” problem described in Section 5.3 will have to be corrected.
Refining the results of this research could be achieved by reexamining the mixture 
designs. Primarily, RAP preheating time, as discussed previously, should be carefully 
considered in all mixture designs. As well, rather than focusing on grading and holding 
the proportions of aggregate stockpiles constant, priority could be placed on limiting the 
variability in asphalt content and other volumetric properties of each mixture. Mixture 
grading may also be more easily controlled by using only one material source; it may be 
possible to meet Superpave mixture grading requirements using only the blast rock 
stockpiles. Though mixtures without bank run sand material may not replicate exactly 
the grading that NHDOT or its primary paving contractors are using, this will simplify 
mixture design by eliminating one variable. Continuing with this thought, rather than 
strictly following Superpave mixture design procedure, it could be used more as a 
guideline in the creation of four new mixtures with identical RAP contents as used in this
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research. Eliminating the large variability in asphalt content could address the softer 
behavior observed in the 25% and 40% RAP mixtures.
6.3 -  Areas for Future Research
This research focused on the inclusion of processed RAP into new mixtures; similar work 
could be performed using RAP grindings or RAP from other sources. As was discussed, 
RAP grindings have more consistent material properties and their use in future research 
may yield more definitive results. As part of this research, a full mix design was 
completed for a 15% RAP grindings mixture, and a partial mix design started for a 25% 
RAP grindings mixture. These designs were performed concurrently with the 
mechanistic testing of processed RAP mixtures, and as test results were interpreted for 
processed RAP mixture testing the decision was made to focus on testing of only one 
type of RAP in attempt to interpret the initial results. Additional research should begin 
with the completion of the 25% and 40% RAP grindings mixture designs, followed by 
mechanistic testing of these mixtures as was performed in this research. The mixture 
designs should be performed using the same constraints that the processed RAP designs 
were held to, which will prevent the possible confounding effects of grading and other 
volumetric properties on the mechanistic testing results. Any new mixture designs 
created with processed RAP following the recommendations in the previous section 
should also be replicated and tested using RAP grindings.
Several other avenues could be taken when pursuing additional research. Based 
on previous conclusions and discussion, the amount of preheating the RAP experiences is 
very influential in the RAP behavior in the final mixture. Much research has been
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conducted in the area of binder blending, but not with a specific focus on RAP 
preheating. Attention could be placed on developing laboratory procedures that replicate 
the amount of preheating RAP experiences at a plant. The specimens created for this 
research included RAP preheated for 2 hours, as this is the laboratory procedure that 
NHDOT uses. It was also presented herein that a RAP preheating time of 3.5 hours 
promotes more through blending of asphalt binder. Whether this amount of preheating 
more closely replicates plant production is unknown, but should be investigated.
Changing the RAP preheating time from 2 hours to 3.5 hours and using the same 
constraints and mechanistic testing that were used in this research would create 
worthwhile results to which the data collected in this project could be compared.
An interesting factor influencing the performance of RAP in a virgin mixture is 
the amount of RAP that already existed in the in-service pavement that the RAP was 
created from. Considering RAP has been used in new mixtures since the early 1970’s, it 
is reasonable to expect that there is binder and aggregate in roadways that may have 
already been recycled at least once, if not several times. Some research has been initiated 
regarding creating a detection system for determining the amount of RAP that is already 
included in the reclaimed pavement. This system could be used at asphalt plants upon the 
arrival of the material, and mixtures that will contain this material can be modified 
depending on the results of this testing. Future research with RAP could either 
incorporate any work that has already been done regarding this detection system, or build 
upon the work completed by performing research in this specific area.
In addition to RAP, materials such as scrap tires, asphalt roofing shingles and 
other bituminous roofing waste, steel slag, reclaimed concrete pavement, plastic, mill
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tailings, glass, blast furnace slag, and carpet fiber waste have all been used either 
experimentally or at production levels in HMA. Any material that is a byproduct of 
manufacturing or construction and would otherwise be landfilled or disposed of can be 
considered for used as aggregate, filler or binder modifier in new HMA mixtures. Both 
landfill space and virgin materials are expensive, and any research that helps to alleviate 
the need for either while creating HMA mixtures that perform as well as or better than 
those with 100% virgin materials will be well accepted.
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A P P E N D I C E S
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A P P E N D I X  A  -  BATCHING, MIXING AND COMPACTION PROCEDURE
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The following procedures are for specimens taller than 150 mm.
For specimens of lesser height (i.e. mixture design specimens), the same procedures 
could be followed except that only one batch is needed for each specimen.
BATCHING
Prepare 2 batches for each specimen. Mass of each batch should be half the total mass of 




3. Balance: Sensitivity of 1 gram
4. Aluminum foil
Procedure:
1. Prepare a data sheet that lists the amount of each size of aggregate required in a 
cumulative manner (i.e. the weight that the scale will read after the correct mass is 
added to the batch). This will prevent the need to zero the scale as the different 
aggregate sizes are added to the batch.
2. For each aggregate size, scoop from the bucket the quantity needed (refer to the data 
sheet made in step 1).
Look at the # on the side of the bucket to find the size of aggregate.
Start piling the aggregates on one side of the pan moving to the other side in cases 
you put more than required. Then you can easily extract out the excess without 
taking out any other aggregate sizes.
3. Spread the larger aggregates over the fine aggregates and sand so that fine particles 
are not lost when subjected to draft of air.
4. Cover the pan with aluminum foil or with another pan (if no aluminum foil is 
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5. Flat-bottom metal pans
6. Thermometers






1. Place pans containing aggregate in the oven at 20° C higher than mixing temperature 
(166° C) for 4 hours, preferably over night.
2. Heat mixing blades, spoon, spatula, and metal pail (if space allows) at mixing 
temperature for about 2 hours. If metal pail cannot be heated in oven, it may be 
heated with propane torch immediately before mixing.
3. Heat the asphalt binder in the oven 20° C higher than mixing temperature (166° C) 
for 2 hours.
- Make sure the lid is pried off the asphalt can, but laid loosely on top of it.
4. Move the hot plate and Ohaus 32000g scale into the mixing hood. Make sure that the 
control pad of the scale is covered with plastic (a large Ziploc bag works well) to 
protect it from spilled asphalt.
5. Remove the asphalt binder from the oven and place it on the hot plate set at 
4° C higher than mixing temperature (166° C).
6. Once this temperature is met, you can start mixing.
7. Heat the mixing pail with the torch if required. Remove the mixing blade, spoon, and 
spatula from the oven.
8. Place the mixing pail on the scale beside the hot plates and zero it. With the scale 
zeroed, move the pail to the floor.
9. The mixing pail is large enough to mix batches over 7000g at once.
10. Remove the aggregates from the oven and pour them into the mixing pail on the floor 
This should be done as near to the mixing hood as possible, but due to the size of the 
pail it is very difficult to do it inside the hood.
11. Mix the aggregates in the pail with the spoon and form a crater in the middle of the 
blended aggregates.
12. Place the mixing pail on the scale beside the hot plates and record the mass of 
aggregate. Determine the mass of asphalt required.
- TOTAL mass of asphalt = (mass aggregate / % mass aggregate) * % mass asphalt
13. Zero the scale.
14. Pour the required amount of asphalt into the crater in the bowl.
- Use paper towels to extract the excess amount of asphalt.
15. Mix quickly with the spoon to blend the aggregate with the asphalt. Pile the mix up 
on one side of the mixing pail so the mixing blade may be fully installed.
16. Insert the mixing pail into the mixing machine. Install the mixing blade into the area 
free of mix as near to the bottom of the pail as possible.
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17. Start the mechanical mixer and allow to mix for at least one minute.- Make sure 
you wear safety glasses during the mixing procedure.
- As the mixer runs, the pail may be heated with a torch to maintain mixing 
temperature.
- Watch the mixing blade to make sure that fine aggregate is not accumulating on 
the blade. If it does, stop the mixer, quickly scrape it off with a spatula and return 
it to the mix. Continue mixing.
18. When all the aggregates are coated with asphalt, remove the pail from the mixer.
19. With the thermometer record the mixing temperature.
20. Remove the blade from the mechanical mixer and wipe off all fine aggregate into the 
pail.
21. With the spatula scrape the fine particles on the inside of the pail and distribute it 
evenly throughout the mix.
22. Place the flat bottom pan that the aggregate was heated in onto the scale and zero it. 
Remove the pan.
23. Pour the mix into a flat-bottom pan and with the spoon scrape the mixing pail to get 
the entire amount of fine aggregate. Distribute this aggregate evenly throughout the 
mix.
24. Put the pan back onto the scale and remove material until desired specimen mass is 
achieved, ensuring that the material removed is evenly graded (not all large or fine 
aggregate).
25. Put the mix back in the oven for aging or until compaction.
- Set oven to 3 or 4 degrees higher than compaction temperature (157° C).
26. Put mixing pail (if possible), mixing blade, spatula, and spoon back in the oven until 
you are ready to prepare the next batch.
Repeat the procedure for the other batches, but note that:
The mixing pail and blade should be free from fine particles (as much as you can). 
Reheat the spoon, spatula, and mixer blade at mixing temperature for about 10 
minutes.
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AGING
If the mix is to be aged, then the mix should be put in flat pans instead of round pans and 
spread the asphalt at an even thickness.
For each mix, place the pans in the oven at 135° C for 4 hours.
COMPACTION
2 batches are needed for the preparation of each specimen. 
Equipment needed:
1. Superpave Gyratory Compactor
-Ram Pressure: 600kPa
-Gyration Angle: 1.25 Deg
-Gyration Speed: 30 gyr./min
2. Mold: 150 mm
3. Metal Plate: 150 mm diameter (for ServoPac)
4. Paper Disks: 150 mm diameter
5. Thermometer
6. Spoon and Spatula
Procedure:
1. While mix is in short-termed aging, turn the compactor on. The power switch is 
located on the backside of the machine.
- Turn on the air pressure, making sure you check for water first.
Set the pressure into the compactor at approximately 100 psi (this can be adjusted 
using the valve behind the Compactor).
2. Set the compaction pressure, angle, and gyration speed to the proper value. For 
ServoPac, set Nmax to 500. Set the height to the appropriate value (178mm).
3. One hour prior to compaction, place the mold, plates, spoon, and spatula in the oven 
at compaction temperature.
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4. After 4 hours of short-term aging use the thermometer to take the temperature of the 
mix:
- If compaction temperature is lower than 135° C, heat the mix in the oven at 12 °C 
higher than compaction temperature for no more than 30 minutes. Remove the 
mix when it reaches a temperature higher than compaction temperature by 3 or 4 
degrees.
If compaction temperature is higher than 135° C, place the mix at room 
temperature till it reaches a temperature 3 or 4 degrees higher than compaction 
temperature.
5. Remove the mold, plates, spoon, and spatula from the oven.
6. Place the base plate in the mold and place a paper disk on top of it.
7. Measure out the appropriate amount of aggregate to be added from each batch.
Put a round-bottom pan on the scale and zero it. Then add the appropriate mass of 
mix. Throw out the excess mix.
8. Put both the measured mixes back into the oven set at about 160 degrees and use the 
thermometer to measure the temperature of the mix inside the oven.
9. Once the mix has reached the compaction temperature pour half the mix (from the 
first pan) into the mold and push the mix down with a spatula so that it settles and 
creates more room for the second half (mix two). Make sure the asphalt penetrates to 
the bottom of the mold.
10. Weigh the appropriate amount of mass from the second batch and pour it into the 
mold. Using the spatula penetrate it down to the bottom to settle the mix. Also, push 
on the top with the spatula to further settle the mix.
11. Place a paper disk on top of the mix, and the metal plate on top.
12. Center the mold inside the compactor.
13. Push the “lower mold” button, the “lock mold” button, and then the “start” button.
14. After compaction is complete, remove the mold from the compactor wait five minutes 
for the specimen to cool. (You can use the air gun to cool the mold).
15. Align the mold to be prepared for extruding. Press the extrude button and hold down 
the top collar while the specimen is being extruded.
16. Allow five minutes for the specimen to cool. (You can use the air gun).
17. Remove the paper disks and mark the specimen with its ID name, top, and bottom.
18. Flip the specimen onto a pan and place the specimen in front of the fan for further 
cooling.
19. Place the mold, plates, and spatula back in the oven for fabrication of other 
specimens.
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A P P E N D I X  B  -  SUPPLEMENTAL MIXTURE DESIGN DATA
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Table B.l
d e n s if ic a t io n  d a t a  f o r  0%  R A P M ix t u r e  d e s ig n  Sp e c im e n s
Gyration % of Max. Theoretical Specific Gravity 4.5% ac 5.0% ac 5.5% ac 6.0% ac
5 84.7% 86.4% 87.8% 88.3%
7 86.0% 87.7% 89.1% 89.3%
10 87.4% 89.0% 90.5% 90.8%
15 89.0% 90.7% 92.2% 92.5%
20 90.1% 91.8% 93.4% 93.7%
30 91.7% 93.3% 95.0% 95.3%
40 92.8% 94.4% 96.1% 96.4%
50 93.6% 95.2% 96.9% 97.2%
60 94.2% 95.8% 97.6% 97.8%
70 94.7% 96.4% 98.0% 98.3%
75 94.9% 96.5% 98.2% 98.9%
i











-*-4 .5%  ac —*—5.0% ac 5.5% ac *—6.0% ac
Figure B.l DENSIFICATION CURVES FOR 0% RAP MIX DESIGN SPECIMENS
!
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Figure B.2 0% RAP MIX DESIGN VOLUMETRIC PROPERTIES PLOTS
113
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table B.2
VOLUMETRIC PROPERTIES OF 0%  R A P  MIXTURE DESIGN SPECIMENS
Asphalt Binder Content of Samples
4.5% 5.0% 5.5% 6.0%
Bulk Specific Gravity, Gmb 2.336 2.359 2.384 2.383
Max. Theoretical Specific 
Gravity, Gmm 2.461 2.443 2.426 2.409
VMA 13.6% 13.2% 12.7% 13.2%
VFA 62.4% 73.8% 86.3% 91.8%
Dust Proportion 1.10 1.14 1.19 1.12
Percent Gmm @ Njnj 86.0% 87.7% 89.1% 89.3%
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Table B.3
d e n s if ic a t io n  d a t a  f o r  15% P r o c e s s e d  r a p
MIXTURE DESIGN SPECIMENS
Gyration % of Max. Theoretical Specific Gravity 4.2% ac 4.7% ac 5.2% ac 5.7% ac
5 83.3% 85.6% 85.5% 87.7%
7 84.5% 86.8% 86.8% 88.5%
10 86.6% 89.7% 88.3% 90.0%
15 87.8% 90.8% 90.0% 91.7%
20 88.8% 91.6% 91.1% 92.8%
30 89.8% 92.3% 92.7% 94.4%
40 90.7% 93.3% 93.8% 95.4%
50 91.4% 94.1% 94.6% 96.2%
60 92.0% 94.7% 95.2% 96.7%
70 92.4% 95.2% 95.7% 97.1%
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Figure B.4 15% PROCESSED RAP MIX DESIGN VOLUMETRIC PROPERTIES PLOTS
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Table B.4
v o l u m e t r ic  P r o p e r t ie s  o f  15% p r o c e s s e d  RA P
MIXTURE DESIGN SPECIMENS
Asphalt Binder Content of Samples
4.2% 4.7% 5.2% 5.7%
Bulk Specific Gravity, Gmb 2.332 2.372 2.378 2.410
Max. Theoretical Specific 
Gravity, Gmm 2.517 2.487 2.480 2.461
VMA 14.3% 13.3% 13.5% 12.8%
VFA 48.5% 65.1% 69.7% 83.7%
Dust Proportion 0.95 1.10 1.01 1.09
Percent Gmm @ Njnj 84.5% 86.8% 86.8% 88.5%
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DENSIFICATION DATA FOR 25%  PROCESSED RA P
MIXTURE DESIGN SPECIMENS
Gyration % of Max. Theoretical Specific Gravity 4.1% ac 4.6% ac 5.1% ac 5.6% ac
5 83.8% 83.8% 85.6% 87.3%
7 84.9% 84.9% 86.8% 87.5%
10 86.1% 86.2% 88.0% 88.7%
15 87.4% 87.7% 89.5% 90.2%
20 88.4% 88.7% 90.5% 91.2%
30 89.6% 90.1% 91.9% 92.6%
40 90.5% 91.1% 92.9% 93.6%
50 91.1% 91.8% 93.6% 94.4%
60 91.6% 92.3% 94.2% 94.9%
70 92.0% 92.8% 94.6% 95.4%
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Figure B.6 25% PROCESSED RAP MIX DESIGN VOLUMETRIC PROPERTIES PLOTS
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Table B.6
VOLUMETRIC PROPERTIES OF 25%  PROCESSED R A P
MIXTURE DESIGN SPECIMENS
Asphalt Binder Content of Samples
4.1% 4.6% 5.1% 5.6%
Bulk Specific Gravity, Gmb 2.298 2.299 2.329 2.358
Max. Theoretical Specific 
Gravity, Gmm 2.492 2.473 2.455 2.438
VMA 15.9% 16.3% 15.7% 15.1%
VFA 51.1% 56.8% 67.2% 78.2%
Dust Proportion 0.85 0.81 0.86 0.90
Percent Gmm @ Nini 84.9% 84.9% 86.8% 87.5%
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Table B.7
DENSIFICATION DATA FOR 40%  PROCESSED R A P
MIXTURE DESIGN SPECIMENS
Gyration % of Max. Theoretical Specific Gravity 3.9% ac 4.4% ac 4.9% ac 5.4% ac
5 84.0% 85.9% 86.9% 87.6%
7 85.1% 87.01% 88.2% 88.4%
10 86.4% 88.19% 89.5% 89.8%
15 87.6% 89.62% 90.9% 91.5%
20 88.5% 90.58% 92.0% 92.6%
30 89.7% 91.88% 93.4% 94.1%
40 90.5% 92.75% 94.4% 95.1%
50 91.2% 93.40% 95.1% 95.8%
60 91.6% 93.92% 95.7% 96.4%
70 92.0% 94.35% 96.1% 96.8%












-*-3 .9%  ac -*-4 .4 %  ac -*-4 .9%  ac -*-5 .4%  ac
Figure B.7 DENSIFICATION CURVES FOR 40% PROCESSED RAP MIX DESIGN
SPECIMENS
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| Figure B.8 40% PROCESSED RAP MIX DESIGN VOLUMETRIC PROPERTIES PLOTS
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Table B.8
VOLUMETRIC PROPERTIES OF 40%  PROCESSED R A P
MIXTURE DESIGN SPECIMENS
Asphalt Binder Content of Samples
3.9% 4.4% 4.9% 5.4%
Bulk Specific Gravity, Gmb 2.308 2.348 2.375 2.389
Max. Theoretical Specific 
Gravity, Gmm 2.502 2.484 2.466 2.448
VMA 16.1% 15.1% 14.5% 14.5%
VFA 51.6% 63.7% 74.7% 83.4%
Dust Proportion 1.02 0.98 0.96 0.96
Percent Gmm @ Nini 85.1% 87.0% 88.2% 88.4%
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A P P E N D IX  C -  TESTING LOAD LEVELS
I
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Table C.l
0 %  R A P  DYNAMIC MODULUS TESTING APPPLIED STRESS AMPLITUDES
Test Type TestFrequency
Applied Stress at Each Temperature, kPa
1 o o n 0°C 10° C 20° C 30° C
Compression
0.1 Hz 9.81 6.93 4.04 1.39 0.51
0.2 Hz 10.96 7.80 4.61 1.73 0.46
0.5 Hz 11.50 8.37 5.78 2.49 0.69
1.0 Hz 12.60 8.64 6.37 3.02 1.38
2.0 Hz 13.72 9.53 7.11 3.79 1.79
5.0 Hz 14.98 10.36 7.44 4.64 2.30
10 Hz 16.54 10.84 8.78 5.22 3.15
20 Hz 14.15 10.98 8.60 3.60 3.34
Tension
0.1 Hz 8.37 4.85 2.79 1.20 N/A
0.2 Hz 9.25 5.64 3.72 1.94 N/A
0.5 Hz 9.95 6.38 4.70 2.61 N/A
1.0 Hz 11.14 6.76 5.26 3.12 N/A
2.0 Hz 12.02 7.75 6.01 3.67 N/A
5.0 Hz 12.65 9.36 6.86 3.96 N/A
10 Hz 13.10 9.95 7.54 4.80 N/A
20 Hz 13.66 11.83 8.00 5.12 N/A
Table C.2
15% R A P DYNAMIC MODULUS TESTING APPPLIED STRESS AMPLITUDES
Test Type TestFrequency
Applied Stress at Each Temperature, kPa
-10° C o 0 o 10° C 20° C 30° C
Compression
0.1 Hz 12.11 8.41 4.21 1.56 0.30
0.2 Hz 12.86 9.05 4.57 2.13 0.47
0.5 Hz 14.36 9.81 5.78 2.71 0.69
1.0 Hz 15.46 10.36 6.37 3.44 1.11




5.0 Hz 17.06 12.26 7.26 5.21
10 Hz 18.63 13.26 8.00 6.09
20 Hz 18.85 10.98 8.60 5.88
Tension
0.1 Hz 10.54 7.15 3.41 1.11 0.97
0.2 Hz 10.78 7.50 3.63 1.31 1.25
0.5 Hz 11.11 8.69 4.26 2.12 1.54
1.0 Hz 11.91 9.78 5.52 3.01 1.65
2.0 Hz 12.72 10.73 6.69 3.44 2.28
5.0 Hz 13.45 11.27 7.52 4.16 2.55
10 Hz 14.02 12.02 8.19 4.54 3.23
20 Hz 15.92 14.07 9.16 6.01 3.40
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Table C.3
/o R A P DYNAMIC MODUlLUS TESTING APPPLIED STRESS AMPLITUE
Test Type TestFrequency
Applied Stress at Each Temperature, kPa
-10° C o 0 n 10° C 20° C 30° C
Compression
0.1 Hz 6.90 8.35 4.03 1.56 0.53
0.2 Hz 7.83 9.21 4.61 2.10 0.70
0.5 Hz 8.64 9.72 5.47 2.69 0.86
1.0 Hz 10.89 10.52 6.09 3.39 1.37
2.0 Hz 12.76 10.88 7.09 3.63 1.79
5.0 Hz 14.56 12.07 6.84 5.14 2.34
10 Hz 16.82 13.31 8.03 6.32 2.99
20 Hz N/A N/A 10.24 N/A 3.55
Tension
0.1 Hz 11.30 6.89 3.66 1.12 N/A
0.2 Hz 11.28 7.00 4.36 1.50 N/A
0.5 Hz 11.57 8.18 4.94 1.59 N/A
1.0 Hz 12.20 9.17 5.37 2.83 N/A
2.0 Hz 12.31 9.93 5.86 3.11 N/A
5.0 Hz 13.14 10.96 6.36 3.63 N/A
10 Hz 14.29 11.40 7.14 4.67 N/A
20 Hz 18.35 13.81 7.93 4.37 N/A
Table C.4
/o R A P DYNAMIC MODUlLUS TESTING APPPLIED STRESS AMPLITUE
Test Type TestFrequency
Applied Stress at Each Temperature, kPa
1 o 0 o
UoO
10° C 20° C 30° C
Compression
0.1 Hz 6.92 7.90 4.04 1.63 0.40
0.2 Hz 7.76 8.85 4.62 2.20 0.57
0.5 Hz 8.93 9.33 5.72 2.69 0.88






2.0 Hz 11.52 11.27 6.62
5.0 Hz 12.74 11.45 6.87
10 Hz 15.27 13.66 8.03 6.34 2.99
20 Hz N/A N/A N/A N/A N/A
Tension
0.1 Hz 11.40 6.81 4.43 1.71 0.46
0 2 11/ 12.01 6.69 4.39 2.24 0.51
0.5 Hz 12.32 7.44 4.79 2.73 0.95
1.0 Hz 12.67 7.88 5.91 3.94 1.68
2.0 Hz 13.39 7.58 7.70 3.98 2.21
5.0 Hz 13.96 12.22 7.95 4.58 2.96
10 Hz 14.92 12.37 8.53 5.12 3.25
20 Hz 16.68 14.12 10.66 6.47 N/A
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A P P E N D I X  D  -  COMPLEX MODULUS TESTING MASTER CURVES
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♦  -10C  A OC e  10C X 20 C ■ 3 0 C --------MSEFrt Curve
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Figure D .l SAMPLE 1231-3 (0% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
128


















1.0E-2 1.0E-1 1.0EK) 1.0EM 1.0&-2 1.0&-3 1.0&4 1.0E+-5 1.0B6
Reduced Frequency (Hz)
♦  -10 C a  OC * 10 C X 20 C ■ 30-C ------- MSE Fit Curve
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Figure D.2 SAMPLE 0617-1 (0% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.3 SAMPLE 0617-2 (0% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.4 SAMPLE 0306-3 (15% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.5 SAMPLE 0306-4 (15% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.6 SAMPLE 0306-5 (15% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.7 SAMPLE 0720-1 (25% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.8 SAMPLE 0722-1 (25% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.9 SAMPLE 0720-4 (40% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.10 SAMPLE 0722-2 (40% RAP) COMPRESSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D .ll  SAMPLE 0317-2 (0% RAP) TENSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.12 SAMPLE 0317-3 (0% RAP) TENSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.13 SAMPLE 0414-2 (0% RAP) TENSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.14 SAMPLE 0317-6 (15% RAP) TENSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.15
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SAMPLE 0414-3 (15% RAP) TENSION DYNAMIC MODULUS CURVES 
& SHIFT FACTORS
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Figure D.16
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& SHIFT FACTORS
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Figure D.17 SAMPLE 0414-5 (25% RAP) TENSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.18 SAMPLE 0414-6 (25% RAP) TENSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
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Figure D.19 SAMPLE 0414-9 (40% RAP) TENSION DYNAMIC MODULUS CURVES
& SHIFT FACTORS
146





















1.0E-3 1.0E-2 1.0E-1 1.0EK) 1.0EM 1.0B-2 1.0&-3 1.0B4 1.0&-5
Reduced F requency (Hz)
♦  -10 C A 0 C  # 10 C X 20 C •  30 C — MSE Fit Curve
Figure D.20
5 10 15
T em peratu re  (C)
SAMPLE 0414-10 (40% RAP) TENSION DYNAMIC MODULUS CURVES 
& SHIFT FACTORS
147
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A P P E N D IX  E  -  CREEP COMPLIANCE TESTING MASTER CURVES
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Figure E.l SAMPLE 1231-3 (0% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
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Figure E.2 SAMPLE 0617-1 (0% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
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Figure E.3 SAMPLE 0617-2 (0% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
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Figure E.4 SAMPLE 0306-3 (15% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
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Figure E.6 SAMPLE 0306-5 (15% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
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Figure E.7 SAMPLE 0720-1 (25% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
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Figure E.8 SAMPLE 0722-1 (25% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
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! Figure E.9 SAMPLE 0720-4 (40% RAP) CREEP COMPLIANCE TESTING CURVES
&  SHIFT FACTORS
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Figure E.10 SAMPLE 0722-2 (40% RAP) CREEP COMPLIANCE TESTING CURVES
& SHIFT FACTORS
158
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A PPEN D IX  F -  CREEP FLOW TESTING CURVES
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Figure F.2 SAMPLE 0617-1 (0% RAP) CREEP FLOW TESTING CURVE
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Figure F.4 SAMPLE 0306-3 (15% RAP) CREEP FLOW TESTING CURVE
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Figure F.5 SAMPLE 0306-5 (15% RAP) CREEP FLOW TESTING CURVE
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Figure F.6 SAMPLE 0720-1 (25% RAP) CREEP FLOW TESTING CURVE
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Figure F.8 Sample 0722-2 (40% RAP) creep flow testing curve
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